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1 CHAPTER 1 

 

A Review of Decreased Sound Tolerance in Autism: Definitions, Phenomenology, and 

Potential Mechanisms 
 

 

The following dissertation chapter is reproduced (with some adaptation) from an original article 

with the permission of the copyright holder (Elsevier Ltd.), as per the terms of the publication agreement 

signed by Mr. Zachary J. Williams on 03/20/2020 (reference: NBR3989). All authors of the original paper 

are aware of the paperôs adaptation for this purpose and have voiced no concerns. The article from which this 

chapter is adapted can be found at: Williams, Z. J., He, J. L., Cascio, C. J., & Woynaroski, T. G. (2021). A 

review of decreased sound tolerance in autism: Definitions, phenomenology, and potential mechanisms. 

Neuroscience & Biobehavioral Reviews, 121, 1ï17. https://doi.org/10.1016/j.neubiorev.2020.11.030 

 

1.1 Introduction  

Autism spectrum disorder (hereafter referred to as ñautismò) is a heterogeneous, lifelong 

neurodevelopmental condition characterized by difficulties with social communication and the presence of 

restricted, repetitive patterns of behavior, interests, and activities (American Psychiatric Association, 2022; 

Lord et al., 2020). In addition to these cardinal features, autistic people commonly find a number of 

everyday sensory stimuli to be quite aversive (Ben-Sasson et al., 2009, 2019; Cascio et al., 2016; Schauder 

& Bennetto, 2016; Williams et al., 2023), and this so-called ñsensory hyper-reactivityò is now considered a 

core feature of the condition (American Psychiatric Association, 2022; Lord et al., 2020). Although sensory 

hyperreactivity can be present in any modality (Ausderau et al., 2014; Baranek et al., 2014; Leekam et al., 

2007; Williams et al., 2023), decreased sound tolerance (DST; defined herein as a reduced ability to tolerate 

certain everyday sounds that do not bother most people) is among the most prevalent, persistent, and disabling 

sensory features of autism (Danesh et al., 2021; Poulsen et al., 2024; Stefanelli et al., 2020; Stiegler & Davis, 

2010). A recent meta-analysis estimated that the current prevalence of DST in the autistic population is 38ï

45%, with 50ï70% of individuals on the autism spectrum having experienced DST at some point in their 

lives (Williams, Suzman, et al., 2021b). Even higher numbers were found (60.1% current DST, 71.1% 

lifetime DST) when retrospectively pooling data from all individuals with Autism Diagnostic Interviewï

Revised interviews (N=4101, ages 2ï54) within the National Database for Autism Research (Carson et al., 

2022). In one of the largest single studies prospectively investigating this phenomenon, Law et al. 

(2016) reported current and lifetime DST prevalence rates of 77.6% and 86.6%, respectively, in an online 

sample of 814 autistic children. The majority of children exhibited DST-related challenging behaviors daily 

or weekly, and over one third had physically injured themselves or others as a result of these behaviors (Law 

et al., 2016).  

Even when not a safety concern, DST contributes significantly to autism-related functional 

https://doi.org/10.1016/j.neubiorev.2020.11.030
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impairment, as many caregivers report that their childrenôs reactions to sounds prevent them from 

participating in a wide range of family, school, and community activities (E. K. Jones et al., 2020; Law et al., 

2016; Scheerer et al., 2022). Furthermore, aversions to sensory stimuli, such as DST, are often cited as 

reasons that autistic individuals find it difficult to seek medical care (Carter et al., 2017; Giarelli et al., 2014; 

Mazurek et al., 2023; Muskat et al., 2015; Strömberg et al., 2022). DST symptoms in autism are known to 

persist into adulthood (Elwin et al., 2013; Kuiper et al., 2019; A. E. Robertson & Simmons, 2015; Tavassoli 

et al., 2014), contributing to workplace difficulties (Hayward et al., 2019; Hedley et al., 2018; Lorenz et al., 

2016; A. E. Robertson & Simmons, 2015), anxiety (Landon et al., 2016; Simonoff, 2020), avoidance behavior 

(Fodstad et al., 2021; Landon et al., 2016; MacLennan et al., 2022), and general distress (Griffith et al., 2011; 

R. S. P. Jones et al., 2003; MacLennan et al., 2022; R. S. Smith & Sharp, 2013). Notably, although autism is 

also associated with hyporeactivity (i.e., reduced responses) to everyday auditory stimuli (Ben-Sasson et al., 

2009, 2019; Law et al., 2016; Watts et al., 2016), this response pattern is far less prevalent than DST in the 

autistic population, Moreover, auditory hyporeactivity is poorly defined and operationalized by existing 

sensory reactivity measures (Williams et al., 2023), and its effects on activity participation and functional 

impairment appear to be less pronounced than those of DST (Law et al., 2016). Thus, we choose to focus this 

review solely on DST in autistic individuals, which we believe to be the sensory feature of autism with the 

largest overall impact on quality of life in this population. 

Despite the prevalence and functional impact of DST in autism across the lifespan, there is currently 

insufficient evidence to support recommendations of any behavioral or pharmacologic treatment to reduce 

the severity or disability associated with this symptom (Amir et al., 2018; Fung et al., 2012; Sandbank et al., 

2020, 2023; Schoen et al., 2019; Sinha et al., 2006; Weitlauf et al., 2017). One potential reason for the lack 

of evidence-based intervention in this area is the fact that the underlying mechanisms of autism-associated 

DST are still largely unknown, hindering the development of targeted interventions. Though a number of 

physiological and psychological processes have been suggested as potential sources of DST in autism 

(Fodstad et al., 2021; Koegel et al., 2004; Marriage & Barnes, 1995; McCullagh et al., 2020; Pillion et al., 

2018; Sato, 2022; Seif et al., 2021; A. Smith et al., 2019; Stiegler & Davis, 2010), there is still debate in the 

literature over whether DST behaviors reflect a disturbance in low-level auditory processing, abnormally 

strong emotional reactions to specific auditory stimuli, or a combination of the two. The purpose of this 

introductory chapter is to review the literature on DST in autism, incorporating published experimental and 

clinical observations into a unified theoretical framework. Synthesizing findings from the clinical and 

neuroscientific literature, we propose several potential neurocognitive models to explain the phenomenon of 

DST in autism. By doing so, we aim to generate testable hypotheses about the relationships between 

physiology, perception, and behavior, setting the stage for future research on DST mechanisms and bringing 

the field one step closer to the development of targeted interventions. 
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1.2 Definitions 

The terminology used to describe DST in the medical literature has been extremely varied, with the 

words hyperacusis (Fagelson & Baguley, 2018b; Salvi et al., 2022; Tyler et al., 2014), misophonia (P. J. 

Jastreboff & Jastreboff, 2015; Schröder et al., 2013; Swedo et al., 2022), phonophobia (Henry et al., 2022; 

Møller, 2011; Phillips & Carr, 1998), auditory over-responsivity (Carson et al., 2022; Tavassoli et al., 2019; 

Van Hulle et al., 2012), noise sensitivity (Dzhambov, 2015; Kliuchko et al., 2016; Stansfeld, 1992), auditory 

defensiveness (Goldsmith et al., 2006; Kern et al., 2006), noxacusis (Auerbach, 2019; M. B. Wood et al., 

2024), and noise/auditory hypersensitivity (Fodstad et al., 2021; Gomes et al., 2008) all used to describe 

broad and specific patterns of sound intolerance across populations. The terminology used to describe DST 

as a symptom of autism specifically has also been highly inconsistent (Gomes et al., 2008; He et al., 2023; 

Landon et al., 2016; Stefanelli et al., 2020; Stiegler & Davis, 2010; Tavassoli et al., 2019) thus, we seek to 

provide definitions of several key terms before reviewing the literature on these topics. Although there is no 

unified standard of nomenclature for disorders of sound tolerance, we align our terminology with the first 

major academic text on this topic (Fagelson & Baguley, 2018a), separating DST and its constituent disorders 

into hyperacusis, misophonia, and phonophobia (Table 1.1; also see Henry et al., 2022; Jacquemin et al., 

2024 for similar frameworks).  

1.2.1 Hyperacusis 

Hyperacusis is defined here as a sound tolerance disorder involving an increased sensitivity or 

decreased tolerance to sound at levels that would not trouble most individuals. For the person experiencing 

hyperacusis, everyday sounds can be unpleasant, intense, painful, and/or overwhelming, and these sounds 

are often perceived as much louder than they typically would be experienced (Fackrell et al., 2019). This 

definition is more expansive than many that have previously been proposed, which have tended to focus 

exclusively on the perception of moderate intensity sounds as overly loud (Fackrell et al., 2017; Phillips & 

Carr, 1998; Tyler et al., 2014). In their pivotal review on the topic, Tyler et al. (2014) proposed that 

hyperacusis could be separated into four subtypes characterized by loudness, annoyance, fear, and pain, 

occurring either singly or in combination. Notably, most of the major definitions of hyperacusis published in 

the past decade since Tylerôs review (Adams et al., 2021; Fackrell et al., 2019; Fagelson & Baguley, 2018a; 

Henry et al., 2022; Schecklmann et al., 2024) have further been modified to differentiate hyperacusis from 

both misophonia (a disorder in which specific ñtriggerò sounds evoke disproportionately strong emotional 

responses of anger, extreme annoyance, and/or disgust) and phonophobia (a persistent, abnormal and 

unwarranted fear/phobia of certain sounds or sound-related situations). As such, within our framework, 

hyperacusis refers specifically to the subtypes of loudness hyperacusis and pain hyperacusis, whereas the 

terms misophonia and phonophobia are proposed to refer to the constructs of annoyance hyperacusis and fear 
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hyperacusis proposed by Tyler et al., respectively.  

Furthermore, despite the consensus definition of hyperacusis including the words ñincreased 

sensitivity,ò it is well established that patients with hyperacusis do not have increased sensitivity to sounds 

in the psychoacoustic sense (i.e., lower auditory detection thresholds), and that many non-autistic individuals 

with hyperacusis exhibit some degree of hearing loss (Anari et al., 1999; Jahn & Polley, 2023; Sheldrake et 

al., 2015). Within the framework proposed by Ward (2019), a distinction is made between subjective sensory 

sensitivity (i.e., higher self-reported intolerance of sensory stimuli), neural sensory sensitivity (i.e., increased 

neural responses evoked by a given sensory stimulus), and behavioral sensory sensitivity (i.e., lower 

thresholds for stimulus detection and/or discrimination). However, as these three types of ñsensory 

sensitivityò are generally unrelated to each other within the autistic population (Donkers et al., 2015; Dunlop 

et al., 2016; Dwyer et al., 2022, 2023; Gravel et al., 2006; Hudac et al., 2018; C. R. G. Jones et al., 2009; 

Kuiper et al., 2019; Millin et al., 2018; Tharpe et al., 2006), we believe the use of this single term to describe 

constructs at the behavioral, perceptual, and neural levels will lead researchers to commit the ñjingle fallacyò 

(Dang et al., 2020) in which measures of ñsensory sensitivityò at different levels are thought to tap the same 

construct (see also He et al., 2023 for broader discussion of terminology regarding the sensory features of 

autism). Therefore, in accordance with Tyler et al. (2014) we refrain from using the term ñhypersensitivityò 

to describe hyperacusis or any other form of DST, and we encourage autism researchers to use the term 

ñsensory sensitivityò only when referring to behavioral stimulus detection or discrimination thresholds. 

Loudness hyperacusis is a condition in which the threshold for loudness discomfort is reduced and sounds of 

moderate intensity are judged to be very loud (Phillips & Carr, 1998). Psychoacoustically, loudness 

hyperacusis can be thought of as an increased slope of the loudness-intensity growth function (i.e., steeper 

growth of perceived loudness as a function of sound intensity; Assi et al., 2018; Brandy & Lynn, 1995; Erinc 

& Derinsu, 2022; Noreña & Chery-Croze, 2007). This condition is distinguishable from loudness 

recruitment, a steepening of the loudness growth function that occurs in the setting of cochlear hearing loss 

due to outer hair cell damage (Buus & Florentine, 2002; Fowler, 1965; B. C. J. Moore et al., 1985). Notably, 

in loudness recruitment, the loudness of a sound ñcatches upò to that of a normal hearing listener, and at high 

levels the loudness growth functions of recruiting and normal-hearing ears will again overlap (B. C. J. Moore 

et al., 1985). This contrasts with loudness hyperacusis, where the slope of loudness growth does not decrease 

when the loudness curves intersect, and steeper loudness growth continues at all sound levels (Assi et al., 

2018; Brandy & Lynn, 1995; Erinc & Derinsu, 2022; Noreña & Chery-Croze, 2007).  

Pain hyperacusis (Salvi et al., 2022; Tyler et al., 2014; Williams, Suzman, et al., 2021a), also 

referred to as noxacusis (Auerbach, 2019; M. B. Wood et al., 2024), is a less well understood form of the 

condition in which an individual perceives physical pain in the ear when exposed to certain sounds at levels   
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Table 1.1: Comparison of Hyperacusis, Misophonia, and Phonophobia 

 
 Hyperacusis Misophonia Phonophobia 

Definition  

A sound tolerance disorder in 

which sound of moderate 

intensity is perceived as 
excessively loud, painful, 

and/or overwhelming. 

A sound tolerance disorder in 
which individuals have excessive 

and inappropriate emotional 

responses to specific ñtriggerò 
sounds (e.g., chewing, tapping, 

sniffling), even when presented at 

a low level. 

A specific phobia of particular 

sounds or classes of sounds, 

resulting in anticipatory responses 
and avoidance of potential sound 

sources. 

Limited to specific 

sounds 
No Yes Yes 

Primary response to 

sound 

Excessive loudness sensation 

and/or pain in ears/head 

Anger, disgust, and/or extreme 

irritation, autonomic arousal. 

Fear and/or panic, anticipatory 

anxiety 

Psychoacoustic 

loudness perception 

Steeper loudness growth, 

reduced LDL 
Normal Unknown (possibly reduced LDL) 

Influence of 

contextual factors 
Low High High 

Results in avoidance 

behavior 
Yes Yes Yes 

Associated with 

psychopathology 
Yes Yes Yes 

Occurs secondarily to 
Cochlear hearing loss, noise 

trauma, brain injury 
Unknown 

Hyperacusis, reactive tinnitus, 

misophonia, posttraumatic stress 
disorder, other anxiety disorders 

Proposed 

neurocognitive 

mechanism 

Amplification of low-level 
sensory information resulting 

in a steeper growth of 

subjective loudness with 

increasing sound level. 

Aberrant motor representation, 

resulting in elevated connectivity 
between motor areas and insular 

cortex, and increased signal 

propagation to amygdala and 
autonomic control areas. 

Pathological fear learning, 

combining excess attribution of 
threat to specific sounds with poor 

experience-dependent extinction. 

Maintained by avoidance of feared 
stimulus. 

Implicated brain 

regions 

Primary/secondary auditory 

cortex, Inferior colliculus, 
Auditory brainstem (superior 

olivary complex) 

Premotor cortex, Supplementary 

motor area, Insula, Inferior frontal 
gyrus, Cingulate cortex, 

Amygdala 

Amygdala, Hippocampus, Anterior 

cingulate cortex, Ventromedial 
prefrontal cortex, Anterior insular 

cortex, Bed nucleus of the stria 

terminalis/extended amygdala 

Increased prevalence 

in autism 
Yes Yes Yes 

Unique 

pathophysiology in 

autism 

Yes No No 

LDL = loudness discomfort level (the decibel level at which a sound starts being perceived as uncomfortably 

loud). 
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far below those needed to cause pain in a typical listener (i.e., approximately 120 dB sound pressure level 

[SPL], as loud as the front row of a rock concert; Plutchik, 1963). Although the character of the pain varies 

greatly across individuals (e.g., dull ache, burning, sharp, stabbing, or throbbing), 62.5% of hyperacusis 

patients responding to an online survey reported experiencing ear pain at least daily (Williams, Suzman, et 

al., 2021a). It is currently unclear whether the pain experienced in this condition is the same pain experienced 

by typical listeners at extremely high sound levels, a form of sound-evoked headache, or an entirely separate 

phenomenon with distinct neurophysiologic substrates. Recent discoveries have implicated the population of 

type II cochlear afferent neurons in mediating the perception of noxious or painful auditory stimuli (Flores 

et al., 2015; Liu et al., 2015; M. B. Wood et al., 2024), but the role of these cells in pain hyperacusis remains 

to be determined. 

Throughout the remainder of this dissertation, the term ñhyperacusisò will be used to refer generally 

to both loudness and pain hyperacusis, regardless of presumed neurological, psychiatric, otologic, or 

idiopathic etiology, as the causal factors associated with hyperacusis are very poorly specified at this time 

(Tyler et al., 2014). As notable exceptions to this, our definition of hyperacusis excludes known instances of 

facial nerve paralysis (a condition termed ñdysacusisò by Tyler et al., 2014), superior semicircular canal 

dehiscence (B. K. Ward et al., 2017), and M®ni¯reôs disease (Nakashima et al., 2016) that result in loudness 

intolerance, as these represent disorders of the peripheral auditory system with known pathology that differ 

phenomenologically and mechanistically from the ñhyperacusisò we will discuss herein. The specific terms 

ñloudness hyperacusisò and ñpain hyperacusisò will be utilized when referring to only one of the hyperacusis 

subtypes, although the majority of research on this topic has not grouped individuals by loudness/pain 

subtype (Williams, Suzman, et al., 2021a). 

1.2.2 Misophonia 

Misophonia, also called selective sound sensitivity syndrome (Neal & Cavanna, 2013) or annoyance 

hyperacusis (Tyler et al., 2014) is a recently described sound tolerance disorder in which individuals have 

excessive and inappropriate emotional responses to specific ñtriggerò sounds (e.g., chewing, tapping, 

sniffling), even when presented at a low level (Brout et al., 2018; Claiborn et al., 2020; Jager et al., 2020; 

Palumbo et al., 2018; Schröder et al., 2013; Swedo et al., 2022). The specific triggers and their elicited 

responses vary greatly across individuals and may change over time, although the predominant emotional 

response tends to involve some form of anger, disgust, or irritation (Jager et al., 2020) and increased 

autonomic arousal (Edelstein et al., 2013; Kumar et al., 2017; Swedo et al., 2022). Trigger stimuli are often 

repetitive and primarily, but not exclusively, include stimuli generated by another individual, especially those 

produced by the human body (Swedo et al., 2022). Moreover, individuals with misophonia can sometimes 

experience qualitatively similar or identical ñmisophonicò in response to purely visual stimuli (e.g., the sight 
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of a person chewing can trigger anger and physical sensations, even in the absence of a sound), a phenomenon 

that has been termed ñmisokinesiaò (Jaswal et al., 2021; Potgieter et al., 2019). Importantly, misophonic 

responses do not seem to be elicited by the loudness of auditory stimuli, but rather by the specific pattern or 

meaning to an individual (Swedo et al., 2022). Triggering sounds also do not seem to typically evoke a 

response when produced by the individuals with misophonia themselves (Potgieter et al., 2019). Once trigger 

stimuli are detected, individuals with misophonia often have difficulty disengaging their attention from those 

stimuli and may experience suffering, distress, and/or impairment in social, occupational, or academic 

functioning (Swedo et al., 2022). Various actions taken to avoid contact with trigger stimuli in everyday life, 

such as avoiding certain people or activities or rigidly controlling the trigger sources in the environment 

around oneself, may also further contribute to impairment, depending on the (often significant) personal costs 

of those actions. Misophonia symptoms are typically first observed in childhood or early adolescence 

(Potgieter et al., 2019; Swedo et al., 2022). A population-based epidemiological study has placed the 

estimated prevalence of clinically significant misophonia in the United States general adult population at 

approximately 5% (Dixon et al., 2024). 

Compared with hyperacusis, misophonia is a relatively new concept, first described in the academic 

literature in 2002 (M. M. Jastreboff & Jastreboff, 2002). However, it was not until 2013, when diagnostic 

criteria for this disorder were proposed (Schröder et al., 2013), that misophonia began to attract the attention 

of researchers in psychology, psychiatry, and audiology. A consensus definition of misophonia, developed 

using a modified Delphi method, was published in 2022 (Swedo et al., 2022), representing a meaningful 

advancement in research and practice surrounding this condition. However, it is notable that misophonia is 

still not recognized as either a psychiatric or general medical condition within any official classification of 

such disorders, such as the American Psychiatric Associationôs Diagnostic and Statistical Manual of Mental 

Disorders (DSM-5-TR; American Psychiatric Association, 2022) or the World Health Organizationôs 

International Classification of Diseases (ICD-11; World Health Organization, 2019/2021). Although 

misophonia research remains in its infancy, there is sufficient evidence to indicate that misophonia is a 

distinct behavioral syndrome from autism, hyperacusis, and major psychiatric disorders that can result in 

substantial distress and functional impairment (Brout et al., 2018; Jager et al., 2020; Potgieter et al., 2019; 

Schröder et al., 2013; Swedo et al., 2022). 

1.2.3 Phonophobia 

The term phonophobia, literally meaning ñfear of sound,ò is commonly used in neurology to 

describe ñmigraneur phonophobia,ò the sound intolerance that often accompanies migraine headaches 

(Ashkenazi et al., 2009; Evans et al., 2008; Kalita et al., 2021; Vingen et al., 1998). However, in the current 

framework, we define phonophobia as a specific phobia of particular sounds or classes of sounds, resulting 
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in anticipatory responses and avoidance of potential sound sources (Ashaôari et al., 2010; Fagelson & 

Baguley, 2018a; Jacquemin et al., 2024; Landgrebe & Langguth, 2011; Møller, 2011; Stiegler & Davis, 

2010). Our definition of phonophobia is nearly synonymous with that of Tylerôs (2014) ñfear hyperacusis,ò 

whereas the ñphonophobiaò described in migraine could be better classified within this framework as episodic 

loudness hyperacusis (Suhnan et al., 2017). Notably, our definition of phonophobia is also similar to that 

provided in the prominent review by Henry et al. (2022, p. 4), which states that, ñPhonophobia is not a 

condition of discomfort caused by a physical sound. It is ófearô that a sound may occur that will result in 

anxiety, discomfort, or pain or that will exacerbate an existing auditory disorder (hearing loss, tinnitus, 

hyperacusis, misophonia, or noise sensitivity).ò These fears are often grounded in previous adverse 

experiences with sounds and may even manifest a portion of the time; however, in order for an individual to 

qualify for a diagnosis of phonophobia, they should experience fear and anxiety to a much greater degree 

than would be expected for an individual with their same level of non-phonophobia DST symptoms. In 

addition, although a fear of loud noises is common in childhood (Meltzer et al., 2009; Ollendick et al., 2002), 

a diagnosis of phonophobia would require an amount of fear and impairment out of proportion to what one 

would expect for that individualôs developmental level (American Psychiatric Association, 2022). 

Furthermore, while both misophonia and phonophobia can involve inappropriate emotional reactions to 

specific sounds, the misophonic reaction primarily involves anger and/or disgust, whereas phonophobia is 

characterized by fear and/or anxious preoccupation. Notably, phonophobia as defined here often develops 

secondary to other forms of DST, as some patients with hyperacusis or misophonia may develop excessive 

anticipatory anxiety with respect to situations in which they may encounter painful or otherwise distressing 

sounds (Blaesing & Kroener-Herwig, 2012; Cowan et al., 2022; Goebel & Floezinger, 2008; Jager et al., 

2020; Jüris et al., 2014; Landgrebe & Langguth, 2011). 

1.2.4 Noise Sensitivity 

Unlike the previous terms, noise sensitivity is not a diagnosable medical condition but is instead 

a stable (dimensional) personality trait that moderates oneôs reactions to noise (Dzhambov, 2015; Henry et 

al., 2022; Stansfeld, 1992). It is not, however, a true ñsensory sensitivity,ò as this trait is unrelated to auditory 

detection thresholds (Stansfeld et al., 1985). Defined by Job (1999, p. 58) noise sensitivity refers to ñthe 

internal states (be they physiological, psychological [including attitudinal], or related to lifestyle or activities 

conducted) of any individual which increase their degree of reactivity to noise in general.ò Noise sensitivity 

is thought to influence the degree to which a person finds any given noise annoying or intolerable, irrespective 

of overall noise exposure (Kliuchko et al., 2016; van Kamp et al., 2004). Compared to the general population, 

noise-sensitive individuals attend more to noises, find noises more threatening and out of their control, and 

adapt to noises more slowly (Stansfeld, 1992; Stansfeld & Clark, 2019). Unlike hyperacusis, noise sensitivity 
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is not associated with changes in loudness functions (Ellermeier et al., 2001; Stansfeld et al., 1985), although 

self-reports of hyperacusis symptoms and noise sensitivity may correlate highly in some populations (Bigras 

et al., 2024; Viziano et al., 2017). Notably, although most noise-sensitive individuals do not have hyperacusis, 

patients with hyperacusis report high levels of noise sensitivity (Paulin et al., 2016), likely because of the 

discomfort they experience in response to many everyday sounds. 

1.2.5 Decreased Sound Tolerance 

We define decreased sound tolerance (DST) as an umbrella term encompassing hyperacusis, 

misophonia, and phonophobia (P. J. Jastreboff & Jastreboff, 2014, 2015). This term is preferred over equally 

general terms such as ñauditory defensivenessò and ñauditory over-responsivity,ò as it refers to the subjective 

percept of the sound as intolerable without describing any particular behavioral reaction. Although there may 

be other reasons that individuals deem sound intolerable, including loudness recruitment (Fowler, 1965), 

migraineur phonophobia (Vingen et al., 1998), M®ni¯reôs disease (Nakashima et al., 2016), superior 

semicircular canal dehiscence syndrome (B. K. Ward et al., 2017), dysacusis (Phillips & Carr, 1998), 

functional audiogenic seizures (Jacquemin et al., 2024), diplacousis or polyacousis (rare hearing conditions 

in which sounds are perceived multiple times; P. J. Jastreboff & Jastreboff, 2015), and ñreactive tinnitusò 

(i.e., tinnitus that is significantly exacerbated by exposure to environmental sounds; B. S. Greenberg & 

Carlos, 2019), these represent a small minority of DST cases relative to the other disorders of interest. Thus, 

our present framework considers only the three major disorders of hyperacusis, misophonia, and 

phonophobia. This is well-aligned to the framework used in the most prominent review of DST conditions 

published in the clinical audiology literature to date (Henry et al., 2022). However, unlike Henryôs 

framework, the personality trait of noise sensitivity is not included within our definition of DST (despite most 

individuals with DST scoring highly on noise sensitivity measures; Paulin et al., 2016), as we feel that it is 

important to categorically distinguish noise sensitivity (a trait dimension) from the other three categorical 

conditions that make up our DST spectrum. Similarly, individuals with chronic subjective tinnitus are not 

necessarily classified as having DST, although comorbid hyperacusis (Schecklmann et al., 2024) and 

phonophobia (Blaesing & Kroener-Herwig, 2012; Landgrebe & Langguth, 2011) are commonly observed in 

this population and can be diagnosed separately. While the labels of hyperacusis, misophonia, and 

phonophobia are better able to describe the phenomenology of an individualôs sound intolerance, the label of 

DST is useful when there is a lack of certainty about the source of the distress or discomfort (e.g., in nonverbal 

individuals who cannot describe why certain sounds are aversive). Accordingly, we use DST to refer to much 

of the behavioral hyperreactivity to auditory stimuli seen in individuals on the autism spectrum, as it is 

currently unclear whether these behaviors are due to hyperacusis, misophonia, phonophobia, or some 

combination thereof (Stiegler & Davis, 2010). As we argue in the following section, all three conditions that 
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we have delineated likely contribute to the high rates of DST behavior seen in autistic individuals, and further 

research is needed to determine their relative contributions to the autistic DST phenotype. 

1.3 Phenomenology of Decreased Sound Tolerance in Autism 

Although a number of studies have been published on DST in autism (Danesh et al., 2021; Gomes 

et al., 2008; Moossavi & Moallemi, 2019; Poulsen et al., 2024; Stefanelli et al., 2020; Stiegler & Davis, 2010; 

Timms et al., 2022), there has been relatively little research to date systematically examining the specific 

sounds that autistic individuals find distressing or which aspects of the stimuli these individuals find difficult 

to tolerate. Some first-person accounts of autistic people contain descriptions of subjective DST (Bemporad, 

1979; Cesaroni & Garber, 1991; DePape & Lindsay, 2016; Elwin et al., 2012, 2013; Howe & Stagg, 2016; 

R. S. P. Jones et al., 2003; Kirby et al., 2015; Landon et al., 2016; MacLennan et al., 2022, 2023; Preece & 

Jordan, 2010; Sibeoni et al., 2022; R. S. Smith & Sharp, 2013; Stiegler & Davis, 2010; Volkmar & Cohen, 

1985), but these accounts often do not provide enough detail of the individualôs perception of sound to 

confidently classify the reported DST as hyperacusis, misophonia, or phonophobia. A notable exception is 

the qualitative study by Landon and colleagues, which focused exclusively on the phenomenology of DST 

in autistic adults (Landon et al., 2016). In this study, researchers interviewed ten adults with diagnosed autism 

and self-reported DST, asking questions about the participantsô experiences of sounds, the qualities of sounds 

that they felt caused their distress, specific events that produced aversive reactions, and strategies employed 

to cope with sounds in everyday life. Participants consistently regarded loud, sharp, or otherwise high-pitched 

sounds to be the most distressing, though several also indicated that specific sounds elicited strong emotional 

reactions regardless of level. The authors concluded that the participantsô reported experiences were 

consistent with both hyperacusis and ñan intolerance to specific soundsò (i.e., misophonia). Anxiety and 

avoidance also played a prominent role in the participantsô responses to noise, indicating that a number of 

participants likely would be considered to have phonophobia as well. 

Another frequently reported symptom in the study conducted by Landon and colleagues (2016) was 

a tendency to be easily distracted by noises, even in innocuous or quiet situations. Although auditory 

distractibility is pertinent to the overall sensory phenotype of autism, this process is distinct from DST as it 

is typically defined (Fagelson & Baguley, 2018a; P. J. Jastreboff & Jastreboff, 2015). Moreover, auditory 

distractibility is likely mediated by higher-order cognitive factors such as working memory capacity and 

selective attention (Sörqvist, 2010; Sörqvist & Marsh, 2015; Sörqvist & Rönnberg, 2014), which are known 

to differ in the autistic population (Habib et al., 2019). Individuals with attention-deficit/hyperactivity 

disorder (ADHD) are also particularly susceptible to the effects of auditory distractions (Micoulaud-Franchi 

et al., 2015; Pelletier et al., 2016; Zentall & Shaw, 1980) thus, the high prevalence of co-occurring ADHD in 

autistic children and adults (Lai et al., 2019; Lugo-Marín et al., 2019) may contribute to the high rates of 



 

 11 

auditory distractibility seen in this population. A failure to habituate to low-level sounds may also play a role, 

as preliminary work has demonstrated reductions in simple loudness adaptation in autistic adults relative to 

neurotypical controls (Lawson et al., 2015). Alternatively, this symptom may be related to the ability of 

individuals on the autism spectrum to simultaneously process a larger amount of auditory information than 

neurotypical controls, a difference supported by data from laboratory-based auditory detection tasks (Brinkert 

& Remington, 2020; Remington & Fairnie, 2017). Auditory distractibility is additionally a known correlate 

of noise sensitivity (Belojeviĺ et al., 1992; Kjellberg et al., 1996; Sandrock et al., 2008), and the enhanced 

distractibility seen in autism could potentially contribute to more autistic individuals developing a high 

degree of trait noise sensitivity. However, as the correlates of auditory distractibility in autism have yet to be 

empirically tested, these relationships remain purely speculative. 

Two recent studies by Scheerer and colleagues have also surveyed both caregivers of autistic 

children/young adults with DST (Scheerer et al., 2022) and autistic adults with DST (Scheerer et al., 2024) 

about their symptoms of DST and associated impacts on daily life, generating some of the richest 

phenomenological data on these topics to date. Although a full summary of these papers is beyond the scope 

of the current review, both studies generally found evidence of DST in autistic individuals being consistent 

with a mixture of hyperacusis, misophonia, and phonophobia, with hyperacusis-like symptoms appearing to 

be more prevalent and associated with a great deal of secondary anxiety/stress. The study of self-reporting 

adults utilized previously-validated self-report measures of hyperacusis and misophonia, demonstrating that 

56% of autistic adults with self-reported DST exceed the clinical threshold for hyperacusis, 30% exceed the 

clinical threshold for misophonia, and 26% exceed the threshold for both disorders simultaneously. A sizable 

number of autistic individuals in both studies were also reported to demonstrate anticipatory anxiety related 

to sound cues, which could indicate a clinically significant phonophobia according to the authors (Scheerer 

et al., 2022, 2024). 

In sum, the most detailed phenomenological account of DST in autism, as well as two in-depth 

survey studies of autistic children and adults indicate that the auditory challenges in the broader autistic 

population encompass hyperacusis, misophonia, phonophobia, and potentially noise sensitivity as well 

(Landon et al., 2016; Scheerer et al., 2022, 2024). Accordingly, questions of whether the DST seen in autism 

is physiological or psychological in origin (Stiegler & Davis, 2010) present a false dichotomy, as 

abnormalities in lower-level perceptual processes (i.e., loudness disturbances putatively responsible for 

hyperacusis) and higher-level cognitive processes (i.e., differences in affect, attention, or executive 

functioning putatively responsible for misophonia and phonophobia) each likely contribute to DST in a 

portion of autistic individuals (Andermane et al., 2023; Danesh et al., 2015; Demopoulos & Lewine, 2016; 

Khalfa et al., 2004; Landon et al., 2016; B. Y. Lau et al., 2020; A. E. Robertson & Simmons, 2015). Still, it 

remains possible that a ñdominantò pattern of sound intolerance (e.g., loudness hyperacusis) exists in this 
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population. Thus, in the following sections, we review the published literature suggesting that DST in autism 

is characterized by (a) hyperacusis, (b) misophonia, and (c) phonophobia.  

1.3.1 Hyperacusis in Autism 

An aversion to loud stimuli is one of the most prominent forms of DST reported in both personal 

accounts and clinical descriptions of autism (OôConnor, 2012; Phillips & Carr, 1998; Stiegler & Davis, 2010; 

Tyler et al., 2014). Furthermore, when autistic people complete standardized self-report questionnaires 

assessing hyperacusis symptoms, they routinely endorse higher symptom levels than non-autistic controls 

(Bang & Igelström, 2022; Danesh et al., 2015; Dunlop et al., 2016; Keith et al., 2019; Scheerer et al., 2024). 

Though such reports are highly consistent with hyperacusis, it remains unclear whether individuals on the 

autism spectrum are more likely to manifest the loudness or pain subtype. Personal accounts of autism often 

describe certain sounds as physically painful (Elwin et al., 2012; Howe & Stagg, 2016; R. S. P. Jones et al., 

2003; Kirby et al., 2015; Landon et al., 2016; A. E. Robertson & Simmons, 2015; R. S. Smith & Sharp, 

2013); however, empirical studies quantifying the number of autistic individuals who experience physical 

pain in response to everyday sounds are extremely limited. The one study to date with such data (Scheerer et 

al., 2024) reported that 13% of their autistic adults with DST reported sound-induced pain on free-text 

descriptions of their DST, whereas 54% endorsed ñpain or physical discomfortò as being ñvery much soò in 

response to sound (a potentially over-sensitive marker). Additional research is therefore needed to assess the 

prevalence of sound-induced pain and pain hyperacusis in the autistic population more clearly.  

Alternatively, several studies indicate that loudness growth functions assessed via categorical 

loudness scaling are steeper in persons on the autism spectrum (Dunlop et al., 2016; Khalfa et al., 2004; 

Ohmura et al., 2019), confirming the presence of loudness hyperacusis in those participants. Notably, a study 

by our group of 243 patients with self-reported hyperacusis contained four individuals on the autism spectrum 

(Williams, Suzman, et al., 2021a), two of whom reported pain hyperacusis (one with comorbid misophonia 

and the other with comorbid phonophobia) and two of whom reported loudness hyperacusis (one with 

comorbid phonophobia and the other reporting no other DST conditions). Three of these individuals had also 

received diagnoses of hyperacusis (two loudness, one pain) from physicians or audiologists. These data, 

although preliminary, support the contention that both loudness and pain hyperacusis are present in at least 

some individuals on the autism spectrum, although the portion of individuals experiencing each subtype has 

yet to be precisely determined. 

As further evidence of hyperacusis in autism, individuals on the autism spectrum also tend to exhibit 

lower loudness discomfort levels (LDLs) than non-autistic controls (Demopoulos & Lewine, 2016; Khalfa 

et al., 2004; Rosenhall et al., 1999; Steigner & Ruhlin, 2014). During LDL testing, a discrete sound stimulus 

(typically about one second in duration) is repeatedly presented with increasing intensity until the participant 
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verbally or behaviorally indicates that the sound has become uncomfortably loud (Punch et al., 2004). In one 

of the first studies of loudness tolerance in autism, Rosenhall et al. (1999) reported that 18% of autistic 

children could not tolerate the loudness of an 80 dB nHL broadband click (compared to 0% of age-matched 

controls). A smaller but more comprehensive study by Khalfa et al. (2004) confirmed the presence of 

enhanced loudness perception in autism, reporting that 63% of their autism group had LDLs for pure tones 

below 80 dB HL. In a higher-IQ group of autistic children than the previous two studies, Demopoulos and 

Lewine (2016) tested LDLs for speech stimuli, finding that 37% of their autism group reported LDLs three 

or more standard deviations below the neurotypical groupôs mean in at least one ear. Steigner and Ruhlin 

(2014) also reported the case of an autistic man with profoundly reduced tolerance of low-frequency sounds, 

confirmed by abnormally low LDLs to tones in the low frequencies and normal LDLs in the high frequencies 

(Ó2000 Hz). Two additional studies have used behavioral observations to test sound tolerance in autistic 

children, finding that only a small minority of individuals exhibited behavioral signs of distress when exposed 

to high-level sounds (Gomes et al., 2004; Lucker, 2013). However, these studies were limited by their reliance 

solely on observable behavioral reactions; they were unable to rule out the possibility that additional 

participants experienced the sounds as uncomfortable but failed to communicate that discomfort in a ñtypicalò 

way (Keating & Cook, 2020; D. J. Moore, 2015). Despite mixed results concerning behavioral loudness 

tolerance, multiple studies demonstrating reduced LDLs in autism suggest that loudness hyperacusis is 

prevalent in this population, although other forms of DST (i.e., pain hyperacusis or phonophobia) may also 

contribute to these abnormalities. 

To further assess the role of loudness in autism-associated DST, we also consider the literature on 

intensity discrimination in this population. In persons with cochlear hearing loss and loudness recruitment 

(increased loudness growth due to outer hair cell damage), it has been hypothesized that steepened loudness 

functions translate into superior intensity discrimination ability (Buus et al., 1982; although see Huettel & 

Collins, 2004; Schroder et al., 1994 for an alternative explanation based on spread of excitation and level 

matching). Thus, based on the steeper loudness functions observed in autism, it would stand to reason that 

autistic people may also possess superior intensity discrimination ability compared to neurotypical listeners. 

However, the literature on psychophysical intensity discrimination in autism has not confirmed this 

hypothesis, with the majority of studies finding intensity discrimination abilities in persons on the autism 

spectrum to be normal (Alcántara et al., 2012; Bonnel et al., 2010; C. R. G. Jones et al., 2009) or even 

impaired (Kargas et al., 2015) relative to neurotypical controls. While these data are inconsistent with the 

theory that abnormal loudness growth leads to enhanced intensity discrimination in autism, it is notable that 

none of these studies concomitantly measured loudness functions and intensity discrimination thresholds. It 

is therefore still possible that the subset of individuals on the autism spectrum with steep loudness growth 

curves would exhibit superior intensity discrimination when compared to typical controls. Further work on 
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loudness and intensity processing in autism is necessary to extend these findings, specifically addressing 

whether subjective reports of hyperacusis can be linked to psychoacoustic disturbances of loudness and 

intensity perception. 

1.3.2 Misophonia in Autism 

As misophonia has only recently been recognized as a distinct DST condition, far fewer studies have 

considered it as a potential explanation for observed behavioral reactions to auditory stimuli in autism 

(Stiegler & Davis, 2010). Thus far, most of the evidence demonstrating the overlap of autism and misophonia 

has been published in case reports (Haq et al., 2021; Pan et al., 2022; Tonarely-Busto et al., 2023), which do 

provide detailed descriptions of individuals with both conditions and often successful treatment using 

behavioral or pharmacological therapies. Additionally, autistic individuals are present in several cohorts of 

individuals with misophonia reported in the clinical literature. For instance, in the clinical sample of 

misophonia patients described by Jager et al. (2020), 14 of 575 (3%) were diagnosed with comorbid autism 

spectrum disorder. Notably, individuals with ñprimary autism spectrum conditionsò referred for misophonia 

evaluation were excluded from the sample (i.e., misophonia in the aforementioned 14 individuals was judged 

to be ñseparateò from autism), indicating that the overlap between these conditions could potentially be 

substantially larger. Additionally, rates of autism in unselected samples of misophonia patients (Claiborn et 

al., 2020; Lewin et al., 2024) have been reported at 3.6ï4.3%, somewhat higher than the 2ï3% of the general 

US population typically estimated to have autism (Dietz et al., 2020; Maenner et al., 2023). More direct 

evidence of misophonia in a significant portion of autistic individuals comes from the study of Scheerer et 

al. (2024), in which 30% of a sample of autistic adults with self-reported DST (of any kind) met criteria for 

clinically significant misophonia using the Misophonia Questionnaire (Wu et al., 2014). Another study by 

Bang & Ingelström (2022) found associations between quantitative autistic traits (as well as autism 

diagnoses) and elevated scores on a version of the Duke Misophonia Questionnaire symptom subscale 

(Rosenthal et al., 2021), which notably did not include misophonia triggers but nevertheless described typical 

misophonia-like reactions ñwhen intensely bothered by a sound or sounds.ò To date, the only misophonia 

prevalence estimate in a sample of autistic people not enriched for DST was conducted by our group in the 

validation study for the Duke-Vanderbilt Misophonia Screening Questionnaire (DVMSQ; Williams et al., 

2022); in this sample of 936 autistic adults, 35.5% met DVMSQ criteria for misophonia, as opposed to 7.3% 

of general population adults in a comparison sample (n=1403).  

A number of personal accounts also support the contention that autistic individuals with DST may 

be experiencing misophonia-like symptoms (Cesaroni & Garber, 1991; Grinker, 2007; Landon et al., 2016; 

A. E. Robertson & Simmons, 2015; R. S. Smith & Sharp, 2013). A particularly classic account of an autistic 

person displaying misophonic reactions comes from anthropologist Roy Grinker, who described his autistic 
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teenage daughter Isabelôs reaction to specific sounds such as throat-clearing and the sounds of certain words: 

éshe still hates certain sounds, like a baby crying, the car alarm that tells you your 

seatbelt isnôt fastened, or the sound of a bathtub draining. When she hears them, she 
gets agitated, holds her hands over her ears, and vocalizes to block out the sound. She 

has the same reaction when she hears me clear my throat, or when someone says 

words associated with bathing, such as ñbath,ò ñshowerò or ñshampoo.ò (Grinker, 

2007, p. 299) 

Other examples have been published of autistic adults reacting strongly to sounds considered to be 

common misophonic triggers, ñSmall noises annoy me, like breathing, crunching food or é someone 

whistling é it makes me rattyò (A. E. Robertson & Simmons, 2015, p. 575) or describing experiences of 

being emotionally ñtriggeredò by sounds in a way that they retrospectively view as excessive: 

é there is all this energy racing around inside me out of irritation and thinking about 
these thingsé its building up inside and you canôt let it out, you canôt go óahhhhh be 

quietô or whatever and canôt be jumping up and down or doing anythingé (Landon 

et al., 2016, p. 47).   

Remarkably, many of these individuals reporting misophonia-like experiences also seemed to 

concurrently experience problems tolerating loud noises (Landon et al., 2016), suggesting that a number of 

autistic individuals with DST may meet criteria for both misophonia and hyperacusis. These findings are 

consistent with the survey study of Scheerer et al. (2024), which demonstrated that the majority of autistic 

individuals with clinically significant misophonia also appear to meet criteria for clinically significant 

hyperacusis on standardized questionnaires (see also Williams et al., 2022). Overall, these results together 

provide substantial evidence that at least some cases of DST in autism are likely due to misophonia, although 

additional research is needed to more precisely estimate the prevalence of misophonia, its co-occurrence with 

other types of DST, and its functional consequences in this population. 

1.3.3 Phonophobia in Autism 

Co-occurring anxiety disorders are exceedingly common in autistic individuals (Hollocks et al., 

2019; Lai et al., 2019; Vasa et al., 2020), presenting as a mixture of ñtypicalò anxiety symptoms and 

ñatypicalò fears that are unique to autism (Kerns et al., 2014, 2016; Kerns & Kendall, 2012; B. Y. Lau et al., 

2020; Rodgers et al., 2016; Scahill et al., 2019; J. J. Wood & Gadow, 2010). Among these autism-specific 

fears, a number of studies have listed loud noises (either loud noises in general or specific noises such as 

toilets flushing) as the object of a childôs specific phobia (Fodstad et al., 2021; Gjevik et al., 2011; Kerns et 

al., 2014, 2016; Koegel et al., 2004; B. Y. Lau et al., 2020; Leyfer et al., 2006; Mayes et al., 2013; Mukaddes 

& Fateh, 2010; Ozsivadjian et al., 2012), and multiple autism-specific anxiety questionnaires include items 

directly assessing a fear of loud noise (Rodgers et al., 2016; Scahill et al., 2019). This particular fear is present 

in a sizable minority of autistic children, with one large study finding that 23% had a phobia of loud sounds 
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(e.g., babies crying, hairdryer sounds) and an additional 6% had fears of other specific sounds (B. Y. Lau et 

al., 2020). In addition, over half of autistic children with DST in the study by Law et al. (2016) were reported 

to become ñscaredò (55%) or ñnervousò (54%) in response to bothersome sounds. No study has investigated 

the prevalence of phonophobia in adults on the autism spectrum (Simonoff, 2020), but qualitative reports 

indicate that many autistic adults continue to experience anxiety in response to loud noises, resulting in 

patterns of avoidance consistent with a specific phobia of these sounds (Bemporad, 1979; Cesaroni & Garber, 

1991; Landon et al., 2016; R. S. Smith & Sharp, 2013). A case report by Fodstad et al. (2021) also reported 

the formal clinical assessment of phonophobia with the specific phobia module of the Anxiety Disorders 

Interview Schedule, a structured parent interview, as well as direct behavioral observations (functional 

analysis), allowing a clinical best-estimate diagnosis facilitating successful treatment with a protocol of 

modified cognitive-behavioral therapy.   

Although published studies confirm the presence of phonophobia in many individuals on the autism 

spectrum, one major unresolved question in this area is whether this phonophobia is secondary to hyperacusis 

or unrelated to abnormalities in loudness perception. As noted by Jastreboff and Jastreboff (2015), 

phonophobia is practically inevitable in cases of severe hyperacusis, as anxious apprehension and 

hypervigilance directed toward everyday sounds can easily develop from repeated exposures to extremely 

unpleasant/painful stimuli. Kerns and colleagues (2016) provided a relevant case example, in which an 

autistic child developed an anticipatory fear of fire alarms as a result of pre-existing hyperacusis. However, 

these authors argued that most DST-related impairment experienced by the patient was due to hyperacusis 

and that a diagnosis of specific phobia was not warranted. Interestingly, there is some limited evidence that 

behavioral tolerance of an aversive sound stimulus can be achieved by treating the phobia with graded 

exposure (Fodstad et al., 2021; Johnston et al., 2020, 2022; Koegel et al., 2004; Parkinson et al., 2023). This 

may indicate a bidirectional relationship between sound-induced discomfort and anxiety, whereby 

interventions targeting either hyperacusis or phonophobia symptoms have the potential to reduce symptoms 

in the other domain. Notably, as cognitive-behavioral case formulations of hyperacusis appear to target 

anxiety surrounding sound exposure (Aazh et al., 2019; Jüris et al., 2014), this may be one mechanism 

through which cognitive-behavioral interventions for hyperacusis (which appear to reduce both hyperacusis 

and phonophobia symptoms; Jüris et al., 2014) exert their effects. There exists evidence in animal models of 

chronic stress hormone exposure producing behavioral evidence of loudness hyperacusis (Manohar et al., 

2023), which is further supported by evidence of acute stress decreasing LDLs in some individuals (Hasson 

et al., 2013) and a portion of hyperacusis patients reporting significant symptom exacerbations (ñsetbacksò) 

that occur secondary to stress (Williams, Suzman, et al., 2021a). Because of this presumed relation between 

stress/negative affect and loudness tolerance, we believe that interventions aimed at reducing phobic 

anxiety could feasibly improve both the emotional reaction to the feared sound and its perceived loudness. 
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However, as existing studies of exposure-based therapies in autistic individuals with presumed phonophobia 

did not include judgments of subjective loudness or pain, any effects of exposure therapy on the perceptual 

qualities of aversive sounds remain speculative. An alternative possibility is that the participants in these 

studies did not suffer from hyperacusis at all, and thus that treatment of phonophobia was sufficient to 

eliminate all DST in those individuals. Additional research is necessary to determine whether autistic people 

with psychoacoustically-confirmed hyperacusis can experience a reduction in subjective DST from 

interventions targeting phonophobia or anxiety in general. 

1.4 Potential Mechanisms of Decreased Sound Tolerance in Autism 

Whereas DST in autism is frequently discussed from a clinical perspective, the neurobiological 

correlates of this symptom cluster remain poorly understood. A wide range of abnormalities in the structure 

and function of the auditory system have been demonstrated in both autistic individuals and preclinical 

animal models of autism (Beers et al., 2014; Castro & Monteiro, 2022; Chin et al., 2013; McCullagh et al., 

2020; OôConnor, 2012; Pillion et al., 2018; Wilde et al., 2022; Williams, Abdelmessih, et al., 2021), but few 

theoretical models have been constructed to link these findings to behavioral sound intolerance or its 

perceptual underpinnings. Instead, current theoretical frameworks for sensory hyperreactivity in autism tend 

to focus on multi-modality sensory reactivity or ñprocessingò differences (Mottron et al., 2006; Pellicano & 

Burr, 2012; C. E. Robertson & Baron-Cohen, 2017; Van de Cruys et al., 2014; J. Ward, 2019) to explain the 

wide range of sensory alterations seen in autistic individuals. Alternatively, a number of theoretical 

mechanisms of DST have been proposed based on findings in non-autistic individuals (Auerbach, 2019; 

Auerbach et al., 2014; Berger et al., 2023; Brout et al., 2018; Diehl & Schaette, 2015; P. J. Jastreboff & 

Jastreboff, 2014, 2015, 2023; Kumar et al., 2017, 2021; Palumbo et al., 2018; Pienkowski, 2019; Pienkowski 

et al., 2014; Sheppard et al., 2020; Suhnan et al., 2017; M. B. Wood et al., 2024), few of which have been 

specifically considered in the context of autism-associated DST. Thus, the purpose of this section is to 

synthesize the literature on these related topics, generating explanatory neurocognitive models to account for 

the presence of hyperacusis, misophonia, and phonophobia in individuals on the autism spectrum. Although 

evidence to support our proposed mechanisms of DST in autism is limited at this time, these theoretical 

models will provide a framework for future research in this area, generating hypotheses about the 

underlying neurobiology of DST and providing context for findings related to auditory physiology in autism 

and related conditions. 

1.4.1 Model of Hyperacusis: Enhanced Central Gain 

While the underlying biology of hyperacusis is still poorly understood, a growing body of evidence 

suggests that the symptoms of loudness hyperacusis are generated by a pathological increase in central 

auditory gain (Auerbach, 2019; Auerbach et al., 2014; Diehl & Schaette, 2015; Pienkowski, 2019; Salvi et 
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al., 2020; Sheppard et al., 2020) in which ñneural activity from more central auditory structures is 

paradoxically increased at suprathreshold intensitiesò (Auerbach et al., 2014, p. 1). In particular, animal 

models of hyperacusis display steeper neural input-output functions in multiple cortical and subcortical areas, 

with the largest increases seen in the inferior colliculus (IC) and primary auditory cortex (Auerbach et al., 

2019; Y.-C. Chen et al., 2015; Ma et al., 2020; Salvi et al., 2020; Stolzberg et al., 2012; Wong et al., 2020). 

Studies examining sound-evoked neural activity in humans with hyperacusis are rare (J.-H. Hwang et al., 

2009), although the few that have examined hyperacusis in tinnitus patients have typically found increased 

activity comparable to that seen in these animal models (Gu et al., 2010; Koops & van Dijk, 2021; Lanting 

et al., 2008; Melcher et al., 2009). As activity in the primary and secondary auditory cortex is thought to 

encode loudness rather than intensity (Behler & Uppenkamp, 2016, 2020; Langers et al., 2007; Röhl & 

Uppenkamp, 2012; Schmidt et al., 2020; Schreiner & Malone, 2015; Uppenkamp & Röhl, 2014), hyperactive 

responses to sounds in these areas are hypothesized to be the substrate of loudness hyperacusis. While some 

studies have indicated that this enhanced neural activity may be insufficient to explain hyperacusis-like 

behavior in animal models (Möhrle et al., 2019; Radziwon et al., 2019), the central gain model remains the 

most empirically-supported model of hyperacusis pathophysiology proposed to date (Auerbach, 2019; 

Auerbach et al., 2014; Diehl & Schaette, 2015; Pienkowski, 2019; Sheppard et al., 2020). 

Given the strong associations between hyperacusis, tinnitus, and noise exposure (Pienkowski et al., 

2014; Tyler et al., 2014), the central gain model of hyperacusis typically posits that an increase in central 

gain is a homeostatic consequence of reduced neural output from the cochlea (i.e., sensorineural hearing loss 

or potentially ñcochlear synaptopathyò; Auerbach et al., 2014; Hickox & Liberman, 2014). However, rates 

of peripheral hearing loss are not greatly elevated in persons on the autism spectrum (Beers et al., 2014), and 

the majority of autistic individuals with reduced LDLs have hearing acuity within normal limits (Demopoulos 

& Lewine, 2016; Dunlop et al., 2016; Khalfa et al., 2004; Rosenhall et al., 1999), indicating that the central 

gain mechanism that putatively drives hyperacusis in autism may arise via a different mechanism. Though 

we are only able to speculate about the ways in which aberrant neurodevelopmental processes in autism could 

contribute to enhanced central auditory gain, multiple plausible mechanisms exist based on current 

understandings of autism neuropathology (Figure 1.1).  

One likely source of enhanced central gain in autism is auditory brainstem dysfunction, which has 

been observed in both idiopathic autism and several neurogenetic developmental disorders that frequently 

cause autism, such as fragile X syndrome (McCullagh et al., 2020; Pillion et al., 2018). Postmortem human 

and rodent studies have documented a number of autism-associated abnormalities in auditory brainstem 

nuclei, with multiple studies converging on pathology in the superior olivary complex (Eto et al., 2017; 

Kulesza et al., 2011; Kulesza & Mangunay, 2008; H. Li et al., 2003; Lukose et al., 2011, 2015; Mansour et 

al., 2019; Mansour & Kulesza, 2020; McCullagh et al., 2020; Rodier et al., 1997; Rotschafer et al., 2015; 
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Rotschafer & Cramer, 2017; Toyoshima et al., 2009; Zimmerman et al., 2018, 2020), a group of nuclei that 

mediates aspects of binaural processing and the efferent auditory pathways (Guinan, 2006, 2018; Laumen et 

al., 2016). Though data are mixed regarding the presence and nature of functional auditory brainstem 

abnormalities in autism (Bennetto et al., 2017; Cardon et al., 2023; Dabbous, 2012; Danesh & Kaf, 2012; 

Delgado et al., 2023; ElMoazen et al., 2020; Fujihira et al., 2021; Gravel et al., 2006; Kaf & Danesh, 2013; 

B. K. Lau et al., 2018; A. Li et al., 2020; Lukose et al., 2013; Malhotra & Kulesza, 2023; McCullagh et al., 

2020; Mercati et al., 2017; Miron et al., 2018; Ohmura et al., 2019; Pillion et al., 2018; Santos et al., 2017; 

Talge et al., 2018; Tharpe et al., 2006; Wilson et al., 2017), preliminary studies have indicated that certain 

auditory brainstem assays may differentiate autistic individuals with and without concurrent hyperacusis 

(Mercati et al., 2017; Ohmura et al., 2019; Thabet & Zaghloul, 2013; Wilson et al., 2017). In cases where 

such brainstem dysmorphology does exist, data from animal models suggests that fewer inhibitory axons 

project from various areas of the auditory brainstem to the IC (H. Li et al., 2003; Zimmerman et al., 2020) 

and medial geniculate body (Mansour et al., 2021). As the central gain model typically posits increased 

spontaneous and sound-evoked activity in the IC and higher auditory regions (Auerbach et al., 2014), a 

plausible model of central gain in autism would likely include similar enhancements of activity in these areas, 

brought on by homeostatic adaptations to aberrant brainstem information transfer.  

We, therefore, propose a model wherein structural abnormalities in the auditory brainstem during 

early neurodevelopment lead to compensatory changes in the IC and auditory cortex in autism, which result 

in an overall increase in central auditory gain and hyperacusis symptoms (Figure 1.1B). It is important to 

note that the only neurophysiologic study conducted to date in an animal model of autism did not find 

significant differences in spike rates in the IC for autism model animals relative to controls at any stimulus 

level; however, the change in spike rate with level (which was not formally tested between groups) did appear 

to indicate a pattern of increased spike rate-intensity growth in the autism model, particularly at levels above 

50 dB SPL (Tamaoki et al., 2024). Nevertheless, as human neuroimaging data suggest that the percept of 

subjective loudness (rather than sound intensity) is not represented until auditory cortex (Behler & 

Uppenkamp, 2016; Langers et al., 2007; Röhl & Uppenkamp, 2012; Schreiner & Malone, 2015; Uppenkamp 

& Röhl, 2014), increased central gain occurring only in cortical structures may also reasonably explain the 

phenomenon of hyperacusis in autism. Further research leveraging both animal models and human 

neuroimaging to investigate the presence of increased central auditory gain in autism at both the subcortical 

and cortical levels would, thus, be helpful to validate this model. 

Another explanation for increased central auditory gain in autism is the presence of an imbalance in 

the ratio of excitatory and inhibitory neurotransmission (E/I ratio) in key subcortical and cortical auditory 

structures (McCullagh et al., 2020), leading to an overall increase in activity of the IC, thalamus, and/or 

auditory cortex (Figure 1C). Such an increase in E/I ratio is not inconsistent with the previous hypothesis of 
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brainstem dysfunction, as an imbalanced E/I ratio could feasibly serve as the circuit-level substrate of 

decreased brainstem information transfer or the homeostatic activity up-regulation seen in the IC and/or 

auditory cortex (McCullagh et al., 2020; Zimmerman et al., 2020). Furthermore, it is quite likely that an 

increased E/I ratio is responsible for increases in central gain seen in models of hyperacusis elicited by 

salicylates (G.-D. Chen et al., 2013; Gong et al., 2008; Lu et al., 2011; Sun et al., 2009) and acoustic trauma 

(Heeringa & van Dijk, 2016; Ma et al., 2020; Salvi et al., 2000; Scholl & Wehr, 2008; Sun et al., 2012).  

A model of increased E/I ratio has long been posited as a common final pathway to explain the core 

features of autism (Culotta & Penzes, 2020; Foss-Feig et al., 2017; Lee et al., 2017; Nelson & Valakh, 2015; 

Rubenstein & Merzenich, 2003; Sohal & Rubenstein, 2019) as well as some associated conditions such as 

epilepsy (Bozzi et al., 2018). Although some recent data have suggested that this imbalance is an 

epiphenomenon of autism rather than its underlying cause (Antoine et al., 2019), this distinction is irrelevant 

when determining whether E/I imbalance is responsible for hyperacusis and enhanced central gain in some 

autistic individuals. The E/I imbalance model was further elaborated by Ward (2019) as a potential 

explanation for the wide range of sensory features seen in autism. In this framework, an increased E/I ratio 

results in both an increased signal level but also increased noise within a neural circuitôs computations. Thus, 

a given sensory stimulus will elicit a stronger neural response, activating larger areas of cortex and 

corresponding to a more intense (and in the case of hyperacusis, louder) percept. Although evidence for this 

model of sensory hyperreactivity is mixed (Dickinson et al., 2016; J. Ward, 2019), there are no studies 

specifically investigating the relationship of loudness hyperacusis and E/I imbalance in humans. A single 

study (Naples et al., 2020) has examined the relationship between self-reported ñauditory sensitivityò (as 

measured by the Glasgow Sensory Questionnaire; A. E. Robertson & Simmons, 2013) and E/I imbalance (as 

measured by the Hurst exponent of the resting EEG power spectrum) in a sample of adults with and without 

diagnoses of autism or schizophrenia, finding a moderate correlation between the two metrics. In addition, 

comorbid epilepsy is associated with DST in autistic children (Law et al., 2016), implicating E/I imbalance 

as a potential cause of both co-occurring conditions.  

Furthermore, both rodent and human studies suggest that the phenotype of DST and increased 

auditory cortical activity seen in fragile X syndrome (Ethridge et al., 2016; McCullagh et al., 2020; 

Rotschafer & Razak, 2013) can be attributed to an E/I imbalance in auditory cortex (Ethridge et al., 2017;  

Lovelace et al., 2020; Wen et al., 2018). Animal models of fragile X syndrome also demonstrate behavioral 

evidence of increased loudness growth akin to hyperacusis models (including steeper reaction time-intensity 

growth), which could be ameliorated in a dose-dependent manner with administration of a mGluR5 negative 

allosteric modulator (Auerbach et al., 2021), potentially indicating that E/I imbalance (mediated by the 

glutamatergic system) is causally related to hyperacusis phenotypes in fragile X syndrome and potentially 

other neurodevelopmental disorders. Given the plausibility of E/I imbalance as a mechanism for central
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Figure 1.1: Hypothesized Models of Central Gain and Hyperacusis in Autism 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

(A) Schematic of ascending information pathway in the central auditory system. Descending and recurrent connections have been omitted for 

simplicity. (B) Hypothesized model of enhanced central gain and hyperacusis in autism resulting from impaired brainstem transmission. Homeostatic upregulation of 

gain in the inferior colliculus (IC) results in excessive sound-evoked activity in the higher structures of the auditory system, including primary/secondary auditory cortex, 

the putative source of enhanced loudness perception. (C) Alternate model of enhanced central gain and hyperacusis in autism as a result of excitation/inhibition imbalance 

in the IC, thalamus, and/or auditory cortex. Notably, enhanced auditory cortical activity is likely sufficient to cause hyperacusis, and while other central auditory structures 

may contribute, pathology could feasibly be limited to cortical areas. SOC = Superior Olivary Complex.
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auditory gain and hyperacusis in autism, future studies on this topic should incorporate human neuroimaging 

metrics of E/I balance (Bruining et al., 2020; Dickinson et al., 2016; Trakoshis et al., 2020), testing whether 

psychoacoustically-defined loudness growth is associated with an excess of excitatory neurotransmission. 

1.4.2 Model of Misophonia: Aberrant ñAction Perceptionò Signaling  

In contrast to hyperacusis, there exist no validated animal models of misophonia. Consequently, 

preclinical animal studies have had limited impact in informing our mechanistic understanding of 

misophonia. Instead, current theories of misophonia pathogenesis have been generated almost exclusively to 

explain existing clinical features of the condition as well as the results of basic neuroimaging studies 

conducted using individuals who demonstrate features of misophonia. Of the theoretical models proposed to 

date, the ñaction perceptionò model of misophonia (Berger et al., 2023) is arguably able to best account for 

all available data. Although the framework is relatively preliminary, the action perception model does not 

only consider misophonia ñtriggerò sounds as isolated auditory stimuli (which are frequently classified solely 

by their physical/acoustic properties) but also integrates information about the source and context of the 

sound, which are known to greatly influence the degree of misophonic reaction elicited by a given stimulus 

(Samermit et al., 2022; Savard et al., 2022; Siepsiak et al., 2023; Swedo et al., 2022). Several lines of evidence 

converge to support the hypothesis that individuals with misophonia are most likely ñtriggeredò by the 

semantic representations of each sound (i.e., the ñmeaningò of a sound or the cognitive representation of an 

ñactionò or ñobjectò associated with that sound) rather than any specific acoustic properties of the sound 

itself. These include (a) marked differences in misophonic reactions between instances of hearing the same 

sound produced by oneself and someone else (Potgieter et al., 2019; Swedo et al., 2022), (b) ability for some 

misophonic reactions to be triggered by non-auditory stimuli (Jaswal et al., 2021; Rosenthal et al., 2021), and 

experimental data demonstrating that misidentification of the source of a sound can greatly reduce associated 

distress and misophonic reactions (Edelstein et al., 2020; Samermit et al., 2022), individuals with misophonia. 

The core premise that the encoding of a sound as an ñaction representationò is the source of the misophonic 

response forms the basis of the action perception model of misophonia.  

A simplified outline of the action perception model of misophonia is reproduced from Berger et al. 

(2023) in Figure 1.2. Sound is first processed in the ear and peripheral auditory system, in which no 

abnormalities are thought to be present (Aryal & Prabhu, 2023b, 2023a; Suraj et al., 2024), after which point 

it is conveyed through the auditory system via both lemniscal and non-lemniscal pathways to reach auditory 

cortical areas. After encoding of sound in auditory cortex, signals are transmitted to motor cortex to form a 

motor representation, and this connection between regions is the first place where individuals with 

misophonia appear to exhibit a (potentially pathological) increase in functional connectivity (Kumar et al., 

2021; Neacsiu et al., 2022), perhaps reflective of more strongly encoded motor representations. Aberrant 
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signals from the motor cortex are then communicated to the insular cortex, an area that is known to also be 

hyper-activated by trigger sounds in misophonia (Kumar et al., 2017; Schröder et al., 2019) and hyper-

connected to motor regions in this population (Kumar et al., 2021). This ñaction perception modelò 

additionally hypothesizes that a hyperactive insula conveys its signal to the amygdala (Kumar et al., 2017), 

resulting in the characteristic misophonic emotional response of being ñtriggered.ò Additional hypothesized 

connections between the insula and autonomic control areas such as the periaqueductal gray are further 

hypothesized to produce observed changes in physiology such as alterations in heart rate or skin conductance 

(Berger et al., 2023), although these effects have yet to be formally demonstrated. 

With regard to the neural underpinnings of misophonia, we have no a priori reason to expect that 

the pathophysiology of this condition would differ in autistic and non-autistic individuals. There has 

previously been a substantial literature documenting purported deficits in action perception associated with 

autism (Kaiser & Pelphrey, 2012); however, more recent studies have called many of these deficits into 

question, proposing compelling alternative models (Cusack et al., 2015; von der Lühe et al., 2016). Moreover, 

the insula and salience network have been heavily implicated in the pathology of autism (Nomi et al., 2019; 

Uddin, 2015), and changes in insular structure/function (as well as its connectivity with other regions) may 

contribute to a higher rate of misophonia in individuals on the autism spectrum. This hypothesis is further 

supported by neuroimaging studies in autistic children that indicate that nonspecific (auditory-tactile) sensory 

hyperreactivity is related to increased resting-state connectivity between the salience network and amygdala 

(Green et al., 2016; Green & Wood, 2019). This finding also raises the question of whether the intolerance 

of stimuli in other modalities seen in autism could similarly be attributed to aberrant and perhaps excessively 

salient stimulus representations. Additional research is necessary to understand the manner in which the 

salience network contributes to sensory processing abnormalities in autism, particularly in the context of 

comorbid misophonia.  

1.4.3 Model of Phonophobia: Pathological Fear Learning and Extinction 

The predominant neurocircuitry involved in fear and fear conditioning centers on connections within 

and between nuclei of the amygdala, hippocampus, and multiple areas of medial prefrontal cortex, including 

anterior cingulate cortex (ACC) and ventromedial prefrontal cortex (vmPFC; Fullana et al., 2020; Tovote et 

al., 2015). The amygdala is essential for the acquisition, storage, and expression of learned fear associations, 

serving as a major hub in a number of fear- and anxiety-related neural circuits (LeDoux, 2000). Additionally, 

the amygdala is highly connected to auditory areas of the thalamus and cortex (Frühholz et al., 2016; Frühholz 

& Staib, 2017; LeDoux et al., 1991), and during sound processing, the amygdala is implicated in both the 

modulation of auditory cortical activity (Aizenberg et al., 2019) and encoding multiple features of the sound 

stimulus, including its perceived aversiveness (Kumar et al., 2012; Viinikainen et al., 2012). The 
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hippocampus is primarily involved in the learning, storage, and retrieval of fear memories, as well as 

inhibiting the retrieval of these memories in specific contexts. The ACC, which plays a role in assessing the 

salience of a stimulus and regulating emotional responsiveness, has been associated with the expression of 

conditioned fear responses (Ipser et al., 2013). Via connections with the anterior insula, the ACC also makes 

up part of a ñcentral autonomicïinteroceptive network,ò which demonstrates partial spatial overlap with the 

salience network (Taylor et al., 2016) and is responsible for autonomic and behavioral responses (Fullana et 

al., 2016). The vmPFC plays a role in the inhibition of threat expression by downregulating amygdala activity 

(Fullana et al., 2020), and this region is also implicated in the generation, storage, and retrieval of ñsafetyò 

signals (i.e., extinction memories; Fullana et al., 2016; Milad & Quirk, 2012). Working in concert, this fear 

conditioning network serves to evaluate the content of a stimulus within the current context, triggering 

downstream signals of ñdangerò or ñsafetyò and priming the individual to enact an appropriate behavioral 

response. 

Although appropriate fear learning is key to survival, dysfunctional fear neurocircuitry can lead to 

phobias, in which the fear experienced by an individual is disproportionate to any potential danger. 

Neuroimaging studies have indicated that specific phobia is associated with hyperactivation of the amygdala 

and insular cortex when exposed to a phobic stimulus (Ipser et al., 2013), seemingly indicating that the 

integrating representations of oneôs cognitive, affective, and physical state to facilitate homeostatic salience 

and subjective aversiveness of the stimulus are both exaggerated in this condition. As a fear of loud noises is 

common during development (Meltzer et al., 2009; Ollendick et al., 2002), phonophobia is considered a 

nonexperiential or nonassociative phobia (i.e., a phobia not developed through direct experience with the 

phobic object; Garcia, 2017; Poulton & Menzies, 2002). For the majority of children, the fear of loud noises 

is transient, but in a small group of individuals these fears intensify over time rather than resolving, potentially 

due to a genetic vulnerability (Muris et al., 2002).  

According to a recent model proposed by Garcia (2017), nonexperiential phobias are generated and 

maintained by both a sensitization of the fear response and a deficit in fear extinction learning, resulting in 

overly exaggerated initial fear responses and a persistence of the irrational fear despite nontraumatic exposure 

to the feared stimulus. This sensitized fear response is likely due to hyperactive amygdala responses to loud 

noises, which could result from baseline differences in the extent of sound-evoked auditory cortical activity, 

amygdala E/I balance, or auditory-limbic connectivity. Individuals with hyperacusis in particular may find 

specific sounds extremely painful or aversive, leading to a similar avoidant phenotype seen in chronic pain 

patients with high levels of pain anxiety (J. Greenberg & Burns, 2003). In addition to this sensitized fear 

response, individuals with specific phobias display persistent amygdala response to repeated stimulation 

rather than habituation (Garcia, 2017). An inability to habituate to repeated exposures likely indicates an  
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Sounds travel from the ear through the ascending auditory pathways to auditory cortical areas, where they are 

transmitted to motor regions to form a motor representation. In the case of misophonia trigger sounds, the motor 

representation is conveyed as an aberrant signal to the insula, causing hyperactivation of this region, in turn 

resulting in hyperactivation of the amygdala (i.e., the emotional response) as well as heightened autonomic 

processes. Red arrows indicate an aberrant signal being conveyed, whereas green signals indicate a likely typical 

signal. Adapted with permission from A social cognition perspective on misophonia by Berger, J. I., Gander, P., & 

Kumar, S. (2023), PsyArXiv, p. 4. https://doi.org/10.31234/osf.io/mb7dz. Figure reprinted under a CC-BY 

Attribution License. 

  

Figure 1.2: Simplified Outline of the ñAction Perceptionò Model of Misophonia. 

https://doi.org/10.31234/osf.io/mb7dz
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underlying deficit in the ability to encode the ñsafetyò signal necessary to extinguish a learned fear response. 

Thus, abnormalities in neurocircuitry involved in fear extinction, including the vmPFC and hippocampus 

(Fullana et al., 2016), likely play a role in the pathological persistence of phobic responses, with basic studies 

of the mechanisms underlying extinction differences often focusing on circuit-level dysfunction in the 

basolateral amygdala (Garcia, 2017). Additionally, the extinction process may be hindered in patients with 

hyperacusis, whose adverse reactions to loud and/or painful sounds may serve to perpetuate their maladaptive 

responses to phobic stimuli. 

Though this model of phonophobia is equally applicable to autistic and non-autistic individuals, 

neuroimaging studies of autism provide further evidence of its utility in this population. Autistic children and 

adolescents display a greater amygdala BOLD response compared to non-autistic controls when exposed to 

mildly aversive auditory stimuli (Green et al., 2013, 2015), with higher levels of parent-reported sensory 

hyperreactivity associated with stronger BOLD responses (Green et al., 2013, 2015). In addition, autistic 

individuals with high levels of sensory hyperreactivity demonstrate reduced amygdala habituation over 

repeated presentations of auditory and tactile stimuli (Green et al., 2015, 2019), which is thought to result 

from altered functional connectivity of the amygdala with prefrontal regions (Green et al., 2015, 2019). These 

findings provide preliminary evidence that the neural responses elicited by sensory stimuli in autistic 

individuals may be altered in such a way as to predispose these individuals to developing specific phobias, 

including phonophobia. This hypothesis is further supported by clinical studies demonstrating correlations 

between responses to mildly aversive auditory stimuli (Green et al., 2013, 2015), and stronger amygdala 

response predicting between self/parent reports of sensory hyperreactivity and anxiety symptoms in autistic 

children and adults (Glod et al., 2015; Y. I. J. Hwang et al., 2020; Neil et al., 2016, 2017; Pickard et al., 2020; 

Syu & Lin, 2018; Wigham et al., 2015), with particularly strong relationships between sensory 

hyperreactivity and symptoms of specific phobia (Bitsika et al., 2016; Black et al., 2017; MacLennan et al., 

2020). Longitudinal studies further indicate that increased sensory hyperreactivity early in development is 

predictive of later anxiety symptoms, both in autistic children and in the general population (Carpenter et al., 

2019; Green et al., 2012). This body of research generally supports the theory that hyperreactivity to sensory 

stimuli in autism may contribute to the high rates of anxiety disorders seen in this population (Green & Ben-

Sasson, 2010; Kerns et al., 2016; McVey, 2019; Muskett et al., 2019; South & Rodgers, 2017). However, as 

sensory reactivity to date has primarily been measured using parent reports of a childôs observable behaviors, 

it remains possible that many aversive responses to sensory stimuli are actually the manifestations of specific 

phobia (Fodstad et al., 2021; Koegel et al., 2004). Additional research relating observed sound intolerance 

behaviors, psychoacoustic loudness growth, and phonophobia symptoms is necessary to clarify the relative 

contributions of hyperacusis and phonophobia to the observable phenotype of DST in autism. 
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1.5 Conclusions 

Based on our review of the literature on DST in autism, it is likely that autistic individuals with DST 

present with a wide range of subjective complaints, including hyperacusis, misophonia, and phonophobia. 

Evidence from personal accounts, behavioral studies, and psychophysical tests all tend to support the notion 

that autistic people frequently perceive everyday sounds as unbearably loud or painful, suggesting that a 

substantial portion of DST behaviors can be explained by the presence of hyperacusis. In addition, many 

autistic children and adults exhibit clinically significant anxiety directed towards specific sounds (i.e., 

phonophobia), which may arise on its own or secondary to hyperacusis. However, the interplay between 

hyperacusis and phonophobia has not been studied in autism, and it remains unclear whether these conditions 

are comorbid in the majority of cases. Lastly, while much less research has examined the overlap of 

misophonia and autism, there is moderate evidence to suggest that at least some autistic individuals with DST 

complaints likely meet diagnostic criteria for misophonia, regardless of whether hyperacusis is present. 

In addition to describing the phenomenology of DST in autism, we propose neurocognitive models 

to explain each subtype of DST and its occurrence in people on the autism spectrum. Although hyperacusis 

in non-autistic individuals is typically associated with cochlear damage, we instead hypothesize that an 

alteration in the subcortical processing of auditory information leads to enhanced central auditory gain, 

resulting in the same sound-evoked auditory cortex hyperactivity seen in patients with tinnitus and 

hyperacusis. As opposed to our autism-specific model of hyperacusis, we believe that the neurocognitive 

processes leading to misophonia and phonophobia are the same regardless of the presence of autism, although 

certain neurobiological alterations seen in autism may predispose autistic individuals to these conditions. In 

line with the newly proposed ñaction perceptionò model of misophonia, we hypothesize that misophonia may 

result from aberrant motor representations of trigger stimuli in cortical areas such as the premotor cortex and 

supplementary motor area. The altered trigger-evoked stimulus activity in motor regions is hypothesized to 

cascade into further hyper-activation of insular cortex, amygdala, and autonomic control regions, resulting 

in the characteristic emotional and autonomic symptoms of a misophonic reaction. Similarly, we hypothesize 

that phonophobia results from pathological fear learning, including an abnormally strong initial fear response 

to aversive sound stimuli and a failure to extinguish this response in the presence of non-threatening stimuli. 

Our model further suggests that hyperacusis strongly predisposes an individual to phonophobia, as aversive 

reactions to loud or painful sounds sensitize the amygdala to these stimuli, maintaining the fear response in 

the presence of repeated sound exposures. Though we find preliminary support for these explanatory models 

in the autism literature, additional behavioral, psychophysical, and neuroimaging research is necessary to 

validate model predictions and further refine the proposed DST constructs. By developing this theoretical 

framework, we hope to set the stage for future research on DST in autism, encouraging the field to move 
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beyond descriptive science and into a new era of hypothesis-driven investigations and mechanism-based 

therapeutic development. 

Although this work represents a major step forward in conceptualizing DST in autism, substantially 

more research in this area is necessary to improve our theoretical understanding of this construct and its 

mechanistic underpinnings. The body of literature describing DST in autism is limited by variable and 

inconsistent terminology and a tendency to group hyperacusis, misophonia, and phonophobia symptoms 

together into the construct of ñauditory over-responsiveness.ò Moreover, studies to date that have 

simultaneously examined separable DST disorders of hyperacusis, misophonia and phonophobia in autistic 

individuals (Scheerer et al., 2022, 2024) have limited their samples to only individuals with self-reported 

DST, making it difficult to ascertain the prevalence of hyperacusis, misophonia, and phonophobia and their 

impact in this population. Perhaps most importantly, the most widely used measures of sensory 

responsiveness in autistic children and adults (DuBois et al., 2017; Jorquera-Cabrera et al., 2017; Williams 

et al., 2018) do not effectively differentiate between DST subtypes, substantially limiting the inferences that 

can be made about DST using these tools. Important future directions in this area of research include (a) the 

abandonment of ñauditory over-responsivenessò and generalized sensory hyperreactivity as unitary 

constructs, (b) the establishment of a common nomenclature for DST conditions across disciplines, (c) the 

development and validation of novel DST questionnaires with adequate content coverage of hyperacusis, 

misophonia, and phonophobia, (d) the simultaneous assessment of all DST subtypes and their developmental 

trajectories in autistic individuals, (e) the investigation of DST in relation to other sensory features of autism, 

such as hyporeactivity and sensory seeking, (f) the comparison of psychoacoustic and neurophysiologic 

indices of auditory processing between groups of individuals with each form of DST, and (g) the evaluation 

of candidate interventions specifically targeting individual DST subtypes in controlled clinical trials. By 

partitioning DST into the distinct conditions of hyperacusis, misophonia, and phonophobia, we can reduce 

the heterogeneity inherent in autism and potentially derive subgroups of autistic individuals who differ in 

neuropathology, clinical course, or response to treatment (Feczko et al., 2019; Harris, 2019; Uljareviĺ et al., 

2017). 

1.5.1 Addressing Gaps in the Literature 

The present dissertation seeks to address a number of gaps highlighted in the above conceptual 

overview of decreased sound tolerance in autism. In the broadest sense, our primary research question in this 

project is, ñWhat is decreased sound tolerance (DST) in autism?ò, and we seek to answer this question at 

multiple levels. First, the present review has already proposed a theoretical framework from the field of 

audiology (Henry et al., 2022) that allows us to conceptualize DST in autistic people as multiple distinct yet 

related conditions that differ in their proposed etiologies and neurobiological substrates. In Chapters 2 and 3, 
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we aim to provide the first prevalence estimates of DST disorders (hyperacusis and misophonia) in the autistic 

population in a large-scale survey study, further characterizing the clinical phenotypes of these conditions 

and their correlates with demographic and clinical variables in this unique population. In Chapter 4, we seek 

to improve the measurement of DST more generally by developing a novel multidimensional self-report tool 

for assessing hyperacusis, misophonia, and phonophobia symptoms in both autistic adults and the general 

population, the Multidimensional Inventory of Sound Tolerance in Adults (MIST-A). Also in Chapter 4, we 

examine the latent structure of multiple domains of DST symptoms simultaneously, testing whether the 

theoretically distinct disorders/dimensions of hyperacusis, misophonia, and phonophobia can and should be 

thought of as empirically distinct from one another. Lastly, in Chapters 5 and 6, we conduct an in-person 

laboratory study that examines a wide range of audiometric, peripheral physiologic, psychoacoustic, and 

electrophysiologic correlates of DST disorders in a mixed sample of autistic and non-autistic adults with and 

without DST disorders. This final study, one of the largest mechanistic studies of DST conducted to date and 

the only to directly compare autistic and non-autistic individuals with clinically significant DST in terms of 

their underlying auditory neurobiology, will provide a particularly robust foundation for additional research 

in the area of autism and DST, furthering the preliminary models of DST generation initially presented and 

supporting the field in working towards clinical translation and improved quality of life for autistic and non-

autistic individuals suffering from decreased sound tolerance.  

 

1.6 References 

Aazh, H., Landgrebe, M., Danesh, A. A., & Moore, B. C. J. (2019). Cognitive behavioral therapy 

for alleviating the distress caused by tinnitus, hyperacusis and misophonia: Current perspectives. 

Psychology Research and Behavior Management, 12, 991ï1002. 

https://doi.org/10.2147/PRBM.S179138 

Adams, B., Sereda, M., Casey, A., Byrom, P., Stockdale, D., & Hoare, D. J. (2021). A Delphi 

survey to determine a definition and description of hyperacusis by clinician consensus. 

International Journal of Audiology, 60(8), 607ï613. 

https://doi.org/10.1080/14992027.2020.1855370 

Aizenberg, M., Rolón-Martínez, S., Pham, T., Rao, W., Haas, J. S., & Geffen, M. N. (2019). 

Projection from the amygdala to the thalamic reticular nucleus amplifies cortical sound responses. 

Cell Reports, 28(3), 605-615.e4. https://doi.org/10.1016/j.celrep.2019.06.050 

Alcántara, J. I., Cope, T. E., Cope, W., & Weisblatt, E. J. (2012). Auditory temporal-envelope 

processing in high-functioning children with autism spectrum disorder. Neuropsychologia, 50(7), 

1235ï1251. https://doi.org/10.1016/j.neuropsychologia.2012.01.034 

American Psychiatric Association. (2022). Diagnostic and statistical manual of mental disorders 

(5th ed., text rev.). American Psychiatric Association Publishing. 

https://doi.org/10.1176/appi.books.9780890425787 



30 

   

 

 30 

Amir, I., Lamerton, D., & Montague, M.-L. (2018). Hyperacusis in children: The Edinburgh 

experience. International Journal of Pediatric Otorhinolaryngology, 112, 39ï44. 

https://doi.org/10.1016/j.ijporl.2018.06.015 

Anari, M., Axelsson, A., Eliasson, A., & Magnusson, L. (1999). Hypersensitivity to sound: 

Questionnaire data, audiometry and classification. Scandinavian Audiology, 28(4), 219ï230. 

https://doi.org/10.1080/010503999424653 

Andermane, N., Bauer, M., Sohoglu, E., Simner, J., & Ward, J. (2023). A phenomenological 

cartography of misophonia and other forms of sound intolerance. iScience, 26(4), Article 106299. 

https://doi.org/10.1016/j.isci.2023.106299 

Antoine, M. W., Langberg, T., Schnepel, P., & Feldman, D. E. (2019). Increased excitation-

inhibition ratio stabilizes synapse and circuit excitability in four autism mouse models. Neuron, 

101(4), 648-661.e4. https://doi.org/10.1016/j.neuron.2018.12.026 

Aryal, S., & Prabhu, P. (2023a). Auditory brainstem functioning in individuals with misophonia. 

Journal of Otology, 18(3), 139ï145. https://doi.org/10.1016/j.joto.2023.05.006 

Aryal, S., & Prabhu, P. (2023b). Understanding misophonia from an audiological perspective: A 

systematic review. European Archives of Oto-Rhino-Laryngology, 280(4), 1529ï1545. 

https://doi.org/10.1007/s00405-022-07774-0 

Ashaôari, Z. A., Zain, N. M., & Razali, A. (2010). Phonophobia and hyperacusis: Practical points 

from a case report. The Malaysian Journal of Medical Sciences, 17(1), 49ï51. 

Ashkenazi, A., Mushtaq, A., Yang, I., & Oshinsky, M. L. (2009). Ictal and interictal phonophobia 

in migraineðA quantitative controlled study. Cephalalgia, 29(10), 1042ï1048. 

https://doi.org/10.1111/j.1468-2982.2008.01834.x 

Assi, H., Moore, R. D., Ellemberg, D., & Hébert, S. (2018). Sensitivity to sounds in sport-related 

concussed athletes: A new clinical presentation of hyperacusis. Scientific Reports, 8, Article 9921. 

https://doi.org/10.1038/s41598-018-28312-1 

Auerbach, B. D. (2019, January 1). Physiological mechanisms of hyperacusis: An update. ENT & 

Audiology News, 27(6). https://www.entandaudiologynews.com/features/audiology-

features/post/physiological-mechanisms-of-hyperacusis-an-update 

Auerbach, B. D., Manohar, S., Radziwon, K., & Salvi, R. (2021). Auditory hypersensitivity and 

processing deficits in a rat model of fragile X syndrome. Neurobiology of Disease, 161, Article 

105541. https://doi.org/10.1016/j.nbd.2021.105541 

Auerbach, B. D., Radziwon, K., & Salvi, R. (2019). Testing the central gain model: Loudness 

growth correlates with central auditory gain enhancement in a rodent model of hyperacusis. 

Neuroscience, 407, 93ï107. https://doi.org/10.1016/j.neuroscience.2018.09.036 

Auerbach, B. D., Rodrigues, P. V., & Salvi, R. J. (2014). Central gain control in tinnitus and 

hyperacusis. Frontiers in Neurology, 5, Article 206. https://doi.org/10.3389/fneur.2014.00206 

Ausderau, K. K., Sideris, J., Furlong, M., Little, L. M., Bulluck, J., & Baranek, G. T. (2014). 

National survey of sensory features in children with ASD: Factor structure of the Sensory 

Experience Questionnaire (3.0). Journal of Autism and Developmental Disorders, 44(4), 915ï925. 

https://doi.org/10.1007/s10803-013-1945-1 



31 

   

 

 31 

Bang, P., & Igelström, K. (2022). Relationships between autistic trait dimensions and speech 
understanding, affective sound intolerance, and general auditory perception. OSF. 

https://doi.org/10.31219/osf.io/vsr7q 

Baranek, G. T., Little, L. M., Diane Parham, L., Ausderau, K. K., & Sabatos-DeVito, M. G. (2014). 

Sensory features in autism spectrum disorders. In F. R. Volkmar, S. J. Rogers, R. Paul, & K. A. 

Pelphrey (Eds.), Handbook of autism and pervasive developmental disorders (4th ed.). John Wiley 

& Sons, Ltd. https://doi.org/10.1002/9781118911389.hautc16 

Beers, A. N., McBoyle, M., Kakande, E., Dar Santos, R. C., & Kozak, F. K. (2014). Autism and 

peripheral hearing loss: A systematic review. International Journal of Pediatric 

Otorhinolaryngology, 78(1), 96ï101. https://doi.org/10.1016/j.ijporl.2013.10.063 

Behler, O., & Uppenkamp, S. (2016). The representation of level and loudness in the central 

auditory system for unilateral stimulation. NeuroImage, 139, 176ï188. 

https://doi.org/10.1016/j.neuroimage.2016.06.025 

Behler, O., & Uppenkamp, S. (2020). Activation in human auditory cortex in relation to the 

loudness and unpleasantness of low-frequency and infrasound stimuli. PLoS One, 15(2), e0229088. 

https://doi.org/10.1371/journal.pone.0229088 

Belojeviĺ, G., ¥hrstrºm, E., & Rylander, R. (1992). Effects of noise on mental performance with 

regard to subjective noise sensitivity. International Archives of Occupational and Environmental 

Health, 64(4), 293ï301. https://doi.org/10.1007/BF00378288 

Bemporad, J. R. (1979). Adult recollections of a formerly autistic child. Journal of Autism and 

Developmental Disorders, 9(2), 179ï197. https://doi.org/10.1007/BF01531533 

Bennetto, L., Keith, J. M., Allen, P. D., & Luebke, A. E. (2017). Children with autism spectrum 

disorder have reduced otoacoustic emissions at the 1 kHz mid-frequency region. Autism Research, 

10(2), 337ï345. https://doi.org/10.1002/aur.1663 

Ben-Sasson, A., Gal, E., Fluss, R., Katz-Zetler, N., & Cermak, S. A. (2019). Update of a meta-

analysis of sensory symptoms in ASD: A new decade of research. Journal of Autism and 

Developmental Disorders, 49(12), 4974ï4996. https://doi.org/10.1007/s10803-019-04180-0 

Ben-Sasson, A., Hen, L., Fluss, R., Cermak, S. A., Engel-Yeger, B., & Gal, E. (2009). A meta-

analysis of sensory modulation symptoms in individuals with autism spectrum disorders. Journal 

of Autism and Developmental Disorders, 39(1), 1ï11. https://doi.org/10.1007/s10803-008-0593-3 

Berger, J. I., Gander, P., & Kumar, S. (2023). A social cognition perspective on misophonia. 

PsyArXiv. https://doi.org/10.31234/osf.io/mb7dz 

Bigras, C., Theodoroff, S. M., Thielman, E. J., & Hébert, S. (2024). Noise sensitivity or 

hyperacusis? Comparing the Weinstein and Khalfa questionnaires in a community and a clinical 

samples. Hearing Research, 445, Article 108992. https://doi.org/10.1016/j.heares.2024.108992 

Bitsika, V., Sharpley, C. F., & Mills, R. (2016). How are sensory features associated with seven 

anxiety disorders in boys with autism spectrum disorder? International Journal of Developmental 

Neuroscience, 50(1), 47ï54. https://doi.org/10.1016/j.ijdevneu.2016.03.005 

Black, K. R., Stevenson, R. A., Segers, M., Ncube, B. L., Sun, S. Z., Philipp-Muller, A., Bebko, J. 

M., Barense, M. D., & Ferber, S. (2017). Linking anxiety and insistence on sameness in autistic 



32 

   

 

 32 

children: The role of sensory hypersensitivity. Journal of Autism and Developmental Disorders, 

47(8), 2459ï2470. https://doi.org/10.1007/s10803-017-3161-x 

Blaesing, L., & Kroener-Herwig, B. (2012). Self-reported and behavioral sound avoidance in 

tinnitus and hyperacusis subjects, and association with anxiety ratings. International Journal of 

Audiology, 51(8), 611ï617. https://doi.org/10.3109/14992027.2012.664290 

Bonnel, A., McAdams, S., Smith, B., Berthiaume, C., Bertone, A., Ciocca, V., Burack, J. A., & 

Mottron, L. (2010). Enhanced pure-tone pitch discrimination among persons with autism but not 

Asperger syndrome. Neuropsychologia, 48(9), 2465ï2475. 

https://doi.org/10.1016/j.neuropsychologia.2010.04.020 

Bozzi, Y., Provenzano, G., & Casarosa, S. (2018). Neurobiological bases of autismïepilepsy 

comorbidity: A focus on excitation/inhibition imbalance. European Journal of Neuroscience, 

47(6), 534ï548. https://doi.org/10.1111/ejn.13595 

Brandy, W. T., & Lynn, J. M. (1995). Audiologic findings in hyperacusic and nonhyperacusic 

subjects. American Journal of Audiology, 4(1), 46ï51. https://doi.org/10.1044/1059-0889.0401.46 

Brinkert, J., & Remington, A. (2020). Making sense of the perceptual capacities in autistic and 

non-autistic adults. Autism, 24(7), 1795ï1804. https://doi.org/10.1177/1362361320922640 

Brout, J. J., Edelstein, M., Erfanian, M., Mannino, M., Miller, L. J., Rouw, R., Kumar, S., & 

Rosenthal, M. Z. (2018). Investigating misophonia: A review of the empirical literature, clinical 

implications, and a research agenda. Frontiers in Neuroscience, 12, 373. 

https://doi.org/10.3389/fnins.2018.00036 

Bruining, H., Hardstone, R., Juarez-Martinez, E. L., Sprengers, J., Avramiea, A.-E., Simpraga, S., 

Houtman, S. J., Poil, S.-S., Dallares, E., Palva, S., Oranje, B., Matias Palva, J., Mansvelder, H. D., 

& Linkenkaer-Hansen, K. (2020). Measurement of excitation-inhibition ratio in autism spectrum 

disorder using critical brain dynamics. Scientific Reports, 10(1), Article 1. 

https://doi.org/10.1038/s41598-020-65500-4 

Buus, S., & Florentine, M. (2002). Growth of loudness in listeners with cochlear hearing losses: 

Recruitment reconsidered. Journal of the Association for Research in Otolaryngology, 3(2), 120ï

139. https://doi.org/10.1007/s101620010084 

Buus, S., Florentine, M., & Redden, R. B. (1982). The SISI test: A review: Part I. Audiology, 

21(4), 273ï293. https://doi.org/10.3109/00206098209072744 

Cardon, G., Cate, M., Cordingley, S., & Bown, B. (2023). Auditory brainstem response in autistic 

children: Implications for sensory processing. Hearing, Balance and Communication, 21(3), 224ï

232. https://doi.org/10.1080/21695717.2023.2181558 

Carpenter, K. L. H., Baranek, G. T., Copeland, W. E., Compton, S., Zucker, N., Dawson, G., & 

Egger, H. L. (2019). Sensory over-responsivity: An early risk factor for anxiety and behavioral 

challenges in young children. Journal of Abnormal Child Psychology, 47(6), 1075ï1088. 

https://doi.org/10.1007/s10802-018-0502-y 

Carson, T. B., Valente, M. J., Wilkes, B. J., & Richard, L. (2022). Brief Report: Prevalence and 
Severity of Auditory Sensory Over-Responsivity in Autism as Reported by Parents and Caregivers. 

Journal of Autism and Developmental Disorders, 52(3), 1395ï1402. 

https://doi.org/10.1007/s10803-021-04991-0 



33 

   

 

 33 

Carter, J., Broder-Fingert, S., Neumeyer, A., Giauque, A., Kao, A., & Iyasere, C. (2017). Brief 

Report: Meeting the needs of medically hospitalized adults with autism: A provider and patient 

toolkit. Journal of Autism and Developmental Disorders, 47(5), 1510ï1529. 

https://doi.org/10.1007/s10803-017-3040-5 

Cascio, C. J., Woynaroski, T., Baranek, G. T., & Wallace, M. T. (2016). Toward an 

interdisciplinary approach to understanding sensory function in autism spectrum disorder. Autism 

Research, 9(9), 920ï925. https://doi.org/10.1002/aur.1612 

Castro, A. C., & Monteiro, P. (2022). Auditory dysfunction in animal models of autism spectrum 

disorder. Frontiers in Molecular Neuroscience, 15, Article 845155. 

https://doi.org/10.3389/fnmol.2022.845155 

Cesaroni, L., & Garber, M. (1991). Exploring the experience of autism through firsthand accounts. 

Journal of Autism and Developmental Disorders, 21(3), 303ï313. 

https://doi.org/10.1007/BF02207327 

Chen, G.-D., Stolzberg, D., Lobarinas, E., Sun, W., Ding, D., & Salvi, R. (2013). Salicylate-

induced cochlear impairments, cortical hyperactivity and re-tuning, and tinnitus. Hearing 

Research, 295, 100ï113. https://doi.org/10.1016/j.heares.2012.11.016 

Chen, Y.-C., Li, X., Liu, L., Wang, J., Lu, C.-Q., Yang, M., Jiao, Y., Zang, F.-C., Radziwon, K., 

Chen, G.-D., Sun, W., Muthaiah, V. P. K., Salvi, R., & Teng, G.-J. (2015). Tinnitus and 

hyperacusis involve hyperactivity and enhanced connectivity in auditory-limbic-arousal-cerebellar 

network. eLife, 4, e06576. https://doi.org/10.7554/elife.06576 

Chin, R. Y., Moran, T., & Fenton, J. E. (2013). The otological manifestations associated with 

autistic spectrum disorders. International Journal of Pediatric Otorhinolaryngology, 77(5), 629ï

634. https://doi.org/10.1016/j.ijporl.2013.02.006 

Claiborn, J. M., Dozier, T. H., Hart, S. L., & Lee, J. (2020). Self-Identified misophonia 

phenomenology, impact, and clinical correlates. Psychological Thought, 13(2), Article 2. 

https://doi.org/10.37708/psyct.v13i2.454 

Cowan, E. N., Marks, D. R., & Pinto, A. (2022). Misophonia: A psychological model and proposed 

treatment. Journal of Obsessive-Compulsive and Related Disorders, 32, Article 100691. 

https://doi.org/10.1016/j.jocrd.2021.100691 

Culotta, L., & Penzes, P. (2020). Exploring the mechanisms underlying excitation/inhibition 

imbalance in human iPSC-derived models of ASD. Molecular Autism, 11(1), 32. 

https://doi.org/10.1186/s13229-020-00339-0 

Cusack, J. P., Williams, J. H. G., & Neri, P. (2015). Action perception is intact in autism spectrum 

disorder. Journal of Neuroscience, 35(5), 1849ï1857. https://doi.org/10.1523/JNEUROSCI.4133-

13.2015 

Dabbous, A. O. (2012). Characteristics of auditory brainstem response latencies in children with 

autism spectrum disorders. Audiological Medicine, 10(3), 122ï131. 

https://doi.org/10.3109/1651386X.2012.708986 

Danesh, A. A., Howery, S., Aazh, H., Kaf, W., & Eshraghi, A. A. (2021). Hyperacusis in Autism 

Spectrum Disorders. Audiology Research, 11(4), Article 4. 

https://doi.org/10.3390/audiolres11040049 



34 

   

 

 34 

Danesh, A. A., & Kaf, W. A. (2012). DPOAEs and contralateral acoustic stimulation and their link 

to sound hypersensitivity in children with autism. International Journal of Audiology, 51(4), 345ï

352. https://doi.org/10.3109/14992027.2011.626202 

Danesh, A. A., Lang, D., Kaf, W., Andreassen, W. D., Scott, J., & Eshraghi, A. A. (2015). Tinnitus 

and hyperacusis in autism spectrum disorders with emphasis on high functioning individuals 

diagnosed with Aspergerôs syndrome. International Journal of Pediatric Otorhinolaryngology, 

79(10), 1683ï1688. https://doi.org/10.1016/j.ijporl.2015.07.024 

Dang, J., King, K. M., & Inzlicht, M. (2020). Why are self-report and behavioral measures weakly 

correlated? Trends in Cognitive Sciences, 24(4), 267ï269. 

https://doi.org/10.1016/j.tics.2020.01.007 

Delgado, C. F., Simpson, E. A., Zeng, G., Delgado, R. E., & Miron, O. (2023). Newborn auditory 

brainstem responses in children with developmental disabilities. Journal of Autism and 

Developmental Disorders, 53(2), 776ï788. https://doi.org/10.1007/s10803-021-05126-1 

Demopoulos, C., & Lewine, J. D. (2016). Audiometric profiles in autism spectrum disorders: Does 

subclinical hearing loss impact communication? Autism Research, 9(1), 107ï120. 

https://doi.org/10.1002/aur.1495 

DePape, A.-M., & Lindsay, S. (2016). Lived experiences from the perspective of individuals with 

autism spectrum disorder: A qualitative meta-synthesis. Focus on Autism and Other 

Developmental Disabilities, 31(1), 60ï71. https://doi.org/10.1177/1088357615587504 

Dickinson, A., Jones, M., & Milne, E. (2016). Measuring neural excitation and inhibition in 

autism: Different approaches, different findings and different interpretations. Brain Research, 

1648, 277ï289. https://doi.org/10.1016/j.brainres.2016.07.011 

Diehl, P. U., & Schaette, R. (2015). Abnormal auditory gain in hyperacusis: Investigation with a 

computational model. Frontiers in Neurology, 6, Article 157. 

https://doi.org/10.3389/fneur.2015.00157 

Dietz, P. M., Rose, C. E., McArthur, D., & Maenner, M. (2020). National and state estimates of 

adults with autism spectrum disorder. Journal of Autism and Developmental Disorders, 50(12), 

4258ï4266. https://doi.org/10.1007/s10803-020-04494-4 

Dixon, L. J., Schadegg, M. J., Clark, H. L., Sevier, C. J., & Witcraft, S. M. (2024). Prevalence, 

phenomenology, and impact of misophonia in a nationally representative sample of U.S. adults. 

Journal of Psychopathology and Clinical Science. Advance online publication. 

https://doi.org/10.1037/abn0000904 

Donkers, F. C. L., Schipul, S. E., Baranek, G. T., Cleary, K. M., Willoughby, M. T., Evans, A. M., 

Bulluck, J. C., Lovmo, J. E., & Belger, A. (2015). Attenuated auditory event-related potentials and 

associations with atypical sensory response patterns in children with autism. Journal of Autism and 

Developmental Disorders, 45(2), 506ï523. https://doi.org/10.1007/s10803-013-1948-y 

DuBois, D., Lymer, E., Gibson, B., Desarkar, P., & Nalder, E. (2017). Assessing sensory 

processing dysfunction in adults and adolescents with autism spectrum disorder: A scoping review. 

Brain Sciences, 7(8), 108. https://doi.org/10.3390/brainsci7080108 

Dunlop, W. A., Enticott, P. G., & Rajan, R. (2016). Speech discrimination difficulties in high-

functioning autism spectrum disorder are likely independent of auditory hypersensitivity. Frontiers 



35 

   

 

 35 

in Human Neuroscience, 10(77), 2382. https://doi.org/10.3389/fnhum.2016.00401 

Dwyer, P., Takarae, Y., Zadeh, I., Rivera, S. M., & Saron, C. D. (2022). A multidimensional 

investigation of sensory processing in autism: Parent- and self-report questionnaires, 

psychophysical thresholds, and event-related potentials in the auditory and somatosensory 

modalities. Frontiers in Human Neuroscience, 16, Article 811547. 

https://doi.org/10.3389/fnhum.2022.811547 

Dwyer, P., Williams, Z. J., Vukusic, S., Saron, C. D., & Rivera, S. M. (2023). Habituation of 

auditory responses in young autistic and neurotypical children. Autism Research, 16(10), 1903ï

1923. https://doi.org/10.1002/aur.3022 

Dzhambov, A. M. (2015). Noise sensitivity: A neurophenomenological perspective. Medical 

Hypotheses, 85(5), 650ï655. https://doi.org/10.1016/j.mehy.2015.08.006 

Edelstein, M., Brang, D., Rouw, R., & Ramachandran, V. S. (2013). Misophonia: Physiological 

investigations and case descriptions. Frontiers in Human Neuroscience, 7, 296. 

https://doi.org/10.3389/fnhum.2013.00296 

Edelstein, M., Monk, B., Ramachandran, V. S., & Rouw, R. (2020). Context influences how 

individuals with misophonia respond to sounds (p. 2020.09.12.292391). bioRxiv. 

https://doi.org/10.1101/2020.09.12.292391 

Ellermeier, W., Eigenstetter, M., & Zimmer, K. (2001). Psychoacoustic correlates of individual 

noise sensitivity. The Journal of the Acoustical Society of America, 109(4), 1464ï1473. 

https://doi.org/10.1121/1.1350402 

ElMoazen, D., Sobhy, O., Abdou, R., & AbdelMotaleb, H. (2020). Binaural interaction component 

of the auditory brainstem response in children with autism spectrum disorder. International 

Journal of Pediatric Otorhinolaryngology, 131, 109850. 

https://doi.org/10.1016/j.ijporl.2019.109850 

Elwin, M., Ek, L., Kjellin, L., & Schröder, A. (2013). Too much or too little: Hyper- and hypo-

reactivity in high-functioning autism spectrum conditions. Journal of Intellectual & Developmental 

Disability, 38(3), 232ï241. https://doi.org/10.3109/13668250.2013.815694 

Elwin, M., Ek, L., Schröder, A., & Kjellin, L. (2012). Autobiographical accounts of sensing in 

Asperger syndrome and high-functioning autism. Archives of Psychiatric Nursing, 26(5), 420ï429. 

https://doi.org/10.1016/j.apnu.2011.10.003 

Erinc, M., & Derinsu, U. (2022). Behavioural and electrophysiological evaluation of loudness 

growth in clinically normal hearing tinnitus patients with and without hyperacusis. Audiology and 

Neurotology, 27(6), 469ï477. https://doi.org/10.1159/000525692 

Ethridge, L. E., White, S. P., Mosconi, M. W., Wang, J., Byerly, M. J., & Sweeney, J. A. (2016). 

Reduced habituation of auditory evoked potentials indicate cortical hyper-excitability in Fragile X 

Syndrome. Translational Psychiatry, 6, e787. https://doi.org/10.1038/tp.2016.48 

Ethridge, L. E., White, S. P., Mosconi, M. W., Wang, J., Pedapati, E. V., Erickson, C. A., Byerly, 

M. J., & Sweeney, J. A. (2017). Neural synchronization deficits linked to cortical hyper-
excitability and auditory hypersensitivity in fragile X syndrome. Molecular Autism, 8(1), 22. 

https://doi.org/10.1186/s13229-017-0140-1 



36 

   

 

 36 

Eto, M. I., Hara, N., Ohkawara, T., & Narita, M. (2017). Mechanism of auditory hypersensitivity in 

human autism using autism model rats. Pediatrics International, 59(4), 404ï407. 

https://doi.org/10.1111/ped.13186 

Evans, R. W., Seifert, T., Kailasam, J., & Mathew, N. T. (2008). The use of questions to determine 

the presence of photophobia and phonophobia during migraine. Headache: The Journal of Head 

and Face Pain, 48(3), 395ï397. https://doi.org/10.1111/j.1526-4610.2007.00920.x 

Fackrell, K., Potgieter, I., Shekhawat, G. S., Baguley, D. M., Sereda, M., & Hoare, D. J. (2017). 

Clinical interventions for hyperacusis in adults: A scoping review to assess the current position and 

determine priorities for research. BioMed Research International, 2017, 1ï22. 

https://doi.org/10.1155/2017/2723715 

Fackrell, K., Stratmann, L., Kennedy, V., MacDonald, C., Hodgson, H., Wray, N., Farrell, C., 

Meadows, M., Sheldrake, J., Byrom, P., Baguley, D. M., Kentish, R., Chapman, S., Marriage, J., 

Phillips, J., Pollard, T., Henshaw, H., Gronlund, T. A., & Hoare, D. J. (2019). Identifying and 

prioritising unanswered research questions for people with hyperacusis: James Lind Alliance 

Hyperacusis Priority Setting Partnership. BMJ Open, 9(11), Article e032178. 

https://doi.org/10.1136/bmjopen-2019-032178 

Fagelson, M. A., & Baguley, D. M. (2018a). Disorders of sound tolerance: History and 

termininology. In M. A. Fagelson & D. M. Baguley (Eds.), Hyperacusis and disorders of sound 

intolerance: Clinical and research perspectives (pp. 3ï14). Plural Publishing. 

Fagelson, M. A., & Baguley, D. M. (Eds.). (2018b). Hyperacusis and disorders of sound 

intolerance: Clinical and research perspectives. Plural Publishing. 

Feczko, E., Miranda-Dominguez, O., Marr, M., Graham, A. M., Nigg, J. T., & Fair, D. A. (2019). 

The heterogeneity problem: Approaches to identify psychiatric subtypes. Trends in Cognitive 

Sciences, 23(7), 584ï601. https://doi.org/10.1016/j.tics.2019.03.009 

Flores, E. N., Duggan, A., Madathany, T., Hogan, A. K., Márquez, F. G., Kumar, G., Seal, R. P., 

Edwards, R. H., Liberman, M. C., & García-Añoveros, J. (2015). A non-canonical pathway from 

cochlea to brain signals tissue-damaging noise. Current Biology, 25(5), 606ï612. 

https://doi.org/10.1016/j.cub.2015.01.009 

Fodstad, J. C., Kerswill, S. A., Kirsch, A. C., Lagges, A., & Schmidt, J. (2021). Assessment and 

Treatment of Noise Hypersensitivity in a Teenager with Autism Spectrum Disorder: A Case Study. 

Journal of Autism and Developmental Disorders, 51(6), 1811ï1822. 

https://doi.org/10.1007/s10803-020-04650-w 

Foss-Feig, J. H., Adkinson, B. D., Ji, J. L., Yang, G., Srihari, V. H., McPartland, J. C., Krystal, J. 

H., Murray, J. D., & Anticevic, A. (2017). Searching for cross-diagnostic convergence: Neural 

mechanisms governing excitation and inhibition balance in schizophrenia and autism spectrum 

disorders. Biological Psychiatry, 81(10), 848ï861. https://doi.org/10.1016/j.biopsych.2017.03.005 

Fowler, E. P. (1965). Some attributes of ñloudness recruitmentò and ñloudness decruitmentò. 

Annals of Otology, Rhinology & Laryngology, 74(2), 500ï506. 

https://doi.org/10.1177/000348946507400218 

Frühholz, S., & Staib, M. (2017). Neurocircuitry of impaired affective sound processing: A clinical 

disorders perspective. Neuroscience & Biobehavioral Reviews, 83, 516ï524. 



37 

   

 

 37 

https://doi.org/10.1016/j.neubiorev.2017.09.009 

Frühholz, S., Trost, W., & Kotz, S. A. (2016). The sound of emotionsðTowards a unifying neural 

network perspective of affective sound processing. Neuroscience & Biobehavioral Reviews, 68, 

96ï110. https://doi.org/10.1016/j.neubiorev.2016.05.002 

Fujihira, H., Itoi, C., Furukawa, S., Kato, N., & Kashino, M. (2021). Auditory brainstem responses 

in adults with autism spectrum disorder. Clinical Neurophysiology Practice, 6, 179ï184. 

https://doi.org/10.1016/j.cnp.2021.04.004 

Fullana, M. A., Dunsmoor, J. E., Schruers, K. R. J., Savage, H. S., Bach, D. R., & Harrison, B. J. 

(2020). Human fear conditioning: From neuroscience to the clinic. Behaviour Research and 

Therapy, 124, 103528. https://doi.org/10.1016/j.brat.2019.103528 

Fullana, M. A., Harrison, B. J., Soriano-Mas, C., Vervliet, B., Cardoner, N., Àvila-Parcet, A., & 

Radua, J. (2016). Neural signatures of human fear conditioning: An updated and extended meta-

analysis of fMRI studies. Molecular Psychiatry, 21(4), Article 4. 

https://doi.org/10.1038/mp.2015.88 

Fung, L. K., Chahal, L., Libove, R. A., Bivas, R., & Hardan, A. Y. (2012). A retrospective review 

of the effectiveness of aripiprazole in the treatment of sensory abnormalities in autism. Journal of 
Child and Adolescent Psychopharmacology, 22(3), 245ï248. 

https://doi.org/10.1089/cap.2010.0103 

Garcia, R. (2017). Neurobiology of fear and specific phobias. Learning & Memory, 24(9), 462ï

471. https://doi.org/10.1101/lm.044115.116 

Giarelli, E., Nocera, R., Turchi, R., Hardie, T. L., Pagano, R., & Yuan, C. (2014). Sensory stimuli 

as obstacles to emergency care for children with autism spectrum disorder. Advanced Emergency 

Nursing Journal, 36(2), 145ï163. https://doi.org/10.1097/TME.0000000000000013 

Gjevik, E., Eldevik, S., Fjæran-Granum, T., & Sponheim, E. (2011). Kiddie-SADS reveals high 

rates of DSM-IV disorders in children and adolescents with autism spectrum disorders. Journal of 

Autism and Developmental Disorders, 41(6), 761ï769. https://doi.org/10.1007/s10803-010-1095-7 

Glod, M., Riby, D. M., Honey, E., & Rodgers, J. (2015). Psychological correlates of sensory 

processing patterns in individuals with autism spectrum disorder: A systematic review. Review 
Journal of Autism and Developmental Disorders, 2(2), 199ï221. https://doi.org/10.1007/s40489-

015-0047-8 

Goebel, G., & Floezinger, U. (2008). Pilot study to evaluate psychiatric co-morbidity in tinnitus 

patients with and without hyperacusis. Audiological Medicine, 6(1), 78ï84. 

https://doi.org/10.1080/16513860801959100 

Goldsmith, H. H., Van Hulle, C. A., Arneson, C. L., Schreiber, J. E., & Gernsbacher, M. A. (2006). 

A population-based twin study of parentally reported tactile and auditory defensiveness in young 

children. Journal of Abnormal Child Psychology, 34(3), 378ï392. https://doi.org/10.1007/s10802-

006-9024-0 

Gomes, E., Pedroso, F. S., & Wagner, M. B. (2008). Auditory hypersensitivity in the autistic 
spectrum disorder. Pró-Fono Revista de Atualização Científica, 20(4), 279ï284. 

https://doi.org/10.1590/s0104-56872008000400013 



38 

   

 

 38 

Gomes, E., Rotta, N. T., Pedroso, F. S., Sleifer, P., & Danesi, M. C. (2004). Auditory 

hypersensitivity in children and teenagers with autistic spectrum disorder. Arquivos De Neuro-

Psiquiatria, 62(3B), 797ï801. https://doi.org/10.1590/s0004-282x2004000500011 

Gong, N., Zhang, M., Zhang, X.-B., Chen, L., Sun, G.-C., & Xu, T.-L. (2008). The aspirin 

metabolite salicylate enhances neuronal excitation in rat hippocampal CA1 area through reducing 

GABAergic inhibition. Neuropharmacology, 54(2), 454ï463. 

https://doi.org/10.1016/j.neuropharm.2007.10.017 

Gravel, J. S., Dunn, M., Lee, W. W., & Ellis, M. A. (2006). Peripheral audition of children on the 

autistic spectrum. Ear and Hearing, 27(3), 299ï312. 

https://doi.org/10.1097/01.aud.0000215979.65645.22 

Green, S. A., & Ben-Sasson, A. (2010). Anxiety disorders and sensory over-responsivity in 

children with autism spectrum disorders: Is there a causal relationship? Journal of Autism and 

Developmental Disorders, 40(12), 1495ï1504. https://doi.org/10.1007/s10803-010-1007-x 

Green, S. A., Ben-Sasson, A., Soto, T. W., & Carter, A. S. (2012). Anxiety and sensory over-

responsivity in toddlers with autism spectrum disorders: Bidirectional effects across time. Journal 

of Autism and Developmental Disorders, 42(6), 1112ï1119. https://doi.org/10.1007/s10803-011-

1361-3 

Green, S. A., Hernandez, L., Bookheimer, S. Y., & Dapretto, M. (2016). Salience network 

connectivity in autism is related to brain and behavioral markers of sensory overresponsivity. 

Journal of the American Academy of Child and Adolescent Psychiatry, 55(7), 618-626.e1. 

https://doi.org/10.1016/j.jaac.2016.04.013 

Green, S. A., Hernandez, L., Lawrence, K. E., Liu, J., Tsang, T., Yeargin, J., Cummings, K., 

Laugeson, E., Dapretto, M., & Bookheimer, S. Y. (2019). Distinct patterns of neural habituation 

and generalization in children and adolescents with autism with low and high sensory 

overresponsivity. American Journal of Psychiatry, 176(12), 1010ï1020. 

https://doi.org/10.1176/appi.ajp.2019.18121333 

Green, S. A., Hernandez, L., Tottenham, N., Krasileva, K., Bookheimer, S. Y., & Dapretto, M. 

(2015). Neurobiology of sensory overresponsivity in youth with autism spectrum disorders. JAMA 

Psychiatry, 72(8), 778ï786. https://doi.org/10.1001/jamapsychiatry.2015.0737 

Green, S. A., Rudie, J. D., Colich, N. L., Wood, J. J., Shirinyan, D., Hernandez, L., Tottenham, N., 

Dapretto, M., & Bookheimer, S. Y. (2013). Overreactive brain responses to sensory stimuli in 

youth with autism spectrum disorders. Journal of the American Academy of Child & Adolescent 

Psychiatry, 52(11), 1158ï1172. https://doi.org/10.1016/j.jaac.2013.08.004 

Green, S. A., & Wood, E. T. (2019). The role of regulation and attention in atypical sensory 

processing. Cognitive Neuroscience, 10(3), 160ï162. 

https://doi.org/10.1080/17588928.2019.1592141 

Greenberg, B. S., & Carlos, M. C. (2019). The Sound-Sensitive Tinnitus Index: Psychometric 

properties of a scale to assess the impact of tinnitus exacerbated by sound. Noise & Health, 

21(100), 98ï107. https://doi.org/10.4103/nah.NAH_29_18 

Greenberg, J., & Burns, J. W. (2003). Pain anxiety among chronic pain patients: Specific phobia or 

manifestation of anxiety sensitivity? Behaviour Research and Therapy, 41(2), 223ï240. 



39 

   

 

 39 

https://doi.org/10.1016/S0005-7967(02)00009-8 

Griffith, G. M., Totsika, V., Nash, S., & Hastings, R. P. (2011). óI just donôt fit anywhereô: Support 

experiences and future support needs of individuals with Asperger syndrome in middle adulthood. 

Autism, 16(5), 532ï546. https://doi.org/10.1177/1362361311405223 

Grinker, R. R. (2007). Unstrange minds: Remapping the world of autism. Basic Books. 

Gu, J. W., Halpin, C. F., Nam, E.-C., Levine, R. A., & Melcher, J. R. (2010). Tinnitus, diminished 

sound-level tolerance, and elevated auditory activity in humans with clinically normal hearing 

sensitivity. Journal of Neurophysiology, 104(6), 3361ï3370. https://doi.org/10.1152/jn.00226.2010 

Guinan, J. J. (2006). Olivocochlear efferents: Anatomy, physiology, function, and the measurement 

of efferent effects in humans. Ear and Hearing, 27(6), 589ï607. 

https://doi.org/10.1097/01.aud.0000240507.83072.e7 

Guinan, J. J. (2018). Olivocochlear efferents: Their action, effects, measurement and uses, and the 

impact of the new conception of cochlear mechanical responses. Hearing Research, 362, 38ï47. 

https://doi.org/10.1016/j.heares.2017.12.012 

Habib, A., Harris, L., Pollick, F., & Melville, C. (2019). A meta-analysis of working memory in 

individuals with autism spectrum disorders. PLOS ONE, 14(4), e0216198. 

https://doi.org/10.1371/journal.pone.0216198 

Haq, S. S., Alresheed, F., & Tu, J. C. (2021). Behavioral Treatment of Problem Behavior for an 

Adult with Autism Spectrum Disorder and Misophonia. Journal of Developmental and Physical 

Disabilities, 33(6), 1005ï1015. https://doi.org/10.1007/s10882-020-09780-8 

Harris, J. C. (2019). The necessity to identify subtypes of autism spectrum disorder. JAMA 

Psychiatry, 76(11), 1116. https://doi.org/10.1001/jamapsychiatry.2019.1928 

Hasson, D., Theorell, T., Bergquist, J., & Canlon, B. (2013). Acute stress induces hyperacusis in 

women with high levels of emotional exhaustion. PloS One, 8(1), e52945. 

https://doi.org/10.1371/journal.pone.0052945 

Hayward, S. M., McVilly, K. R., & Stokes, M. A. (2019). Autism and employment: What works. 

Research in Autism Spectrum Disorders, 60, 48ï58. https://doi.org/10.1016/j.rasd.2019.01.006 

He, J. L., Williams, Z. J., Harris, A., Powell, H., Schaaf, R., Tavassoli, T., & Puts, N. A. J. (2023). 

A working taxonomy for describing the sensory differences of autism. Molecular Autism, 14(1), 

Article 15. https://doi.org/10.1186/s13229-022-00534-1 

Hedley, D., Cai, R., Uljareviĺ, M., Wilmot, M., Spoor, J. R., Richdale, A., & Dissanayake, C. 

(2018). Transition to work: Perspectives from the autism spectrum. Autism, 22(5), 528ï541. 

https://doi.org/10.1177/1362361316687697 

Heeringa, A. N., & van Dijk, P. (2016). The immediate effects of acoustic trauma on excitation and 

inhibition in the inferior colliculus: A Wiener-kernel analysis. Hearing Research, 331, 47ï56. 

https://doi.org/10.1016/j.heares.2015.10.007 

Henry, J. A., Theodoroff, S. M., Edmonds, C., Martinez, I., Myers, P. J., Zaugg, T. L., & 

Goodworth, M.-C. (2022). Sound Tolerance Conditions (Hyperacusis, Misophonia, Noise 

Sensitivity, and Phonophobia): Definitions and Clinical Management. American Journal of 



40 

   

 

 40 

Audiology, 31(3), 513ï527. https://doi.org/10.1044/2022_AJA-22-00035 

Hickox, A. E., & Liberman, M. C. (2014). Is noise-induced cochlear neuropathy key to the 

generation of hyperacusis or tinnitus? Journal of Neurophysiology, 111(3), 552ï564. 

https://doi.org/10.1152/jn.00184.2013 

Hollocks, M. J., Lerh, J. W., Magiati, I., Meiser-Stedman, R., & Brugha, T. S. (2019). Anxiety and 

depression in adults with autism spectrum disorder: A systematic review and meta-analysis. 

Psychological Medicine, 49(4), 559ï572. https://doi.org/10.1017/s0033291718002283 

Howe, F. E. J., & Stagg, S. D. (2016). How sensory experiences affect adolescents with an autistic 

spectrum condition within the classroom. Journal of Autism and Developmental Disorders, 46(5), 

1656ï1668. https://doi.org/10.1007/s10803-015-2693-1 

Hudac, C. M., DesChamps, T. D., Arnett, A. B., Cairney, B. E., Ma, R., Webb, S. J., & Bernier, R. 

A. (2018). Early enhanced processing and delayed habituation to deviance sounds in autism 

spectrum disorder. Brain and Cognition, 123, 110ï119. 

https://doi.org/10.1016/j.bandc.2018.03.004 

Huettel, L. G., & Collins, L. M. (2004). A theoretical analysis of normal- and impaired-hearing 

intensity discrimination. IEEE Transactions on Speech and Audio Processing, 12(3), 323ï333. 

https://doi.org/10.1109/TSA.2004.825672 

Hwang, J.-H., Chou, P.-H., Wu, C.-W., Chen, J.-H., & Liu, T.-C. (2009). Brain activation in 

patients with idiopathic hyperacusis. American Journal of Otolaryngology, 30(6), 432ï434. 

https://doi.org/10.1016/j.amjoto.2008.08.005 

Hwang, Y. I. J., Arnold, S., Srasuebkul, P., & Trollor, J. (2020). Understanding anxiety in adults 

on the autism spectrum: An investigation of its relationship with intolerance of uncertainty, sensory 

sensitivities and repetitive behaviours. Autism, 24(2), 411ï422. 

https://doi.org/10.1177/1362361319868907 

Ipser, J. C., Singh, L., & Stein, D. J. (2013). Meta-analysis of functional brain imaging in specific 

phobia. Psychiatry and Clinical Neurosciences, 67(5), 311ï322. https://doi.org/10.1111/pcn.12055 

Jacquemin, L., Schecklmann, M., & Baguley, D. M. (2024). Hypersensitivity to Sounds. In W. 

Schlee, B. Langguth, D. De Ridder, S. Vanneste, T. Kleinjung, & A. R. Møller (Eds.), Textbook of 
Tinnitus (pp. 25ï34). Springer International Publishing. https://doi.org/10.1007/978-3-031-35647-

6_3 

Jager, I., de Koning, P., Bost, T., Denys, D., & Vulink, N. (2020). Misophonia: Phenomenology, 

comorbidity and demographics in a large sample. PLOS One, 15(4), Article e0231390. 

https://doi.org/10.1371/journal.pone.0231390 

Jahn, K. N., & Polley, D. B. (2023). Asymmetric hearing thresholds are associated with 

hyperacusis in a large clinical population. Hearing Research, 437, 108854. 

https://doi.org/10.1016/j.heares.2023.108854 

Jastreboff, M. M., & Jastreboff, P. J. (2002). Decreased sound tolerance and tinnitus retraining 

therapy (TRT). The Australian and New Zealand Journal of Audiology, 24(2), 74ï84. 

Jastreboff, P. J., & Jastreboff, M. M. (2014). Treatments for decreased sound tolerance 

(hyperacusis and misophonia). Seminars in Hearing, 35(2), 105ï120. https://doi.org/10.1055/s-



41 

   

 

 41 

0034-1372527 

Jastreboff, P. J., & Jastreboff, M. M. (2015). Decreased sound tolerance: Hyperacusis, misophonia, 

diplacousis, and polyacousis. In M. J. Aminoff, F. Boller, & D. F. Swaab (Eds.), Handbook of 
clinical neurology (Vol. 129, pp. 375ï387). Elsevier. https://doi.org/10.1016/B978-0-444-62630-

1.00021-4 

Jastreboff, P. J., & Jastreboff, M. M. (2023). The neurophysiological approach to misophonia: 

Theory and treatment. Frontiers in Neuroscience, 17, Article 895574. 

https://doi.org/10.3389/fnins.2023.895574 

Jaswal, S. M., De Bleser, A. K. F., & Handy, T. C. (2021). Misokinesia is a sensitivity to seeing 

others fidget that is prevalent in the general population. Scientific Reports, 11, Article 1. 

https://doi.org/10.1038/s41598-021-96430-4 

Job, R. F. S. (1999). Noise sensitivity as a factor influencing human reaction to noise. Noise & 

Health, 1(3), 57ï68. 

Johnston, D., Egermann, H., & Kearney, G. (2020). SoundFields: A virtual reality game designed 

to address auditory hypersensitivity in individuals with autism spectrum disorder. Applied 

Sciences, 10(9), Article 9. https://doi.org/10.3390/app10092996 

Johnston, D., Egermann, H., & Kearney, G. (2022). The use of binaural based spatial audio in the 

reduction of auditory hypersensitivity in autistic young people. International Journal of 
Environmental Research and Public Health, 19(19), Article 19. 

https://doi.org/10.3390/ijerph191912474 

Jones, C. R. G., Happé, F., Baird, G., Simonoff, E., Marsden, A. J. S., Tregay, J., Phillips, R. J., 

Goswami, U., Thomson, J. M., & Charman, T. (2009). Auditory discrimination and auditory 

sensory behaviours in autism spectrum disorders. Neuropsychologia, 47(13), 2850ï2858. 

https://doi.org/10.1016/j.neuropsychologia.2009.06.015 

Jones, E. K., Hanley, M., & Riby, D. M. (2020). Distraction, distress and diversity: Exploring the 

impact of sensory processing differences on learning and school life for pupils with autism 

spectrum disorders. Research in Autism Spectrum Disorders, 72, Article 101515. 

https://doi.org/10.1016/j.rasd.2020.101515 

Jones, R. S. P., Quigney, C., & Huws, J. C. (2003). First-hand accounts of sensory perceptual 

experiences in autism: A qualitative analysis. Journal of Intellectual & Developmental Disability, 

28(2), 112ï121. https://doi.org/10.1080/1366825031000147058 

Jorquera-Cabrera, S., Romero-Ayuso, D., Rodriguez-Gil, G., & Triviño-Juárez, J.-M. (2017). 

Assessment of sensory processing characteristics in children between 3 and 11 years old: A 

systematic review. Frontiers in Pediatrics, 5, 57. https://doi.org/10.3389/fped.2017.00057 

Jüris, L., Andersson, G., Larsen, H. C., & Ekselius, L. (2014). Cognitive behaviour therapy for 

hyperacusis: A randomized controlled trial. Behaviour Research and Therapy, 54, 30ï37. 

https://doi.org/10.1016/j.brat.2014.01.001 

Kaf, W. A., & Danesh, A. A. (2013). Distortion-product otoacoustic emissions and contralateral 
suppression findings in children with Aspergerôs Syndrome. International Journal of Pediatric 

Otorhinolaryngology, 77(6), 947ï954. https://doi.org/10.1016/j.ijporl.2013.03.014 



42 

   

 

 42 

Kaiser, M. D., & Pelphrey, K. A. (2012). Disrupted action perception in autism: Behavioral 

evidence, neuroendophenotypes, and diagnostic utility. Developmental Cognitive Neuroscience, 

2(1), 25ï35. https://doi.org/10.1016/j.dcn.2011.05.005 

Kalita, J., Misra, U. K., & Bansal, R. (2021). Phonophobia and brainstem excitability in migraine. 

European Journal of Neuroscience, 53(6), 1988ï1997. https://doi.org/10.1111/ejn.15078 

Kargas, N., López, B., Reddy, V., & Morris, P. (2015). The relationship between auditory 

processing and restricted, repetitive behaviors in adults with autism spectrum disorders. Journal of 

Autism and Developmental Disorders, 45(3), 658ï668. https://doi.org/10.1007/s10803-014-2219-2 

Keating, C. T., & Cook, J. L. (2020). Facial expression production and recognition in autism 

spectrum disorders: A shifting landscape. Child and Adolescent Psychiatric Clinics of North 

America. https://doi.org/10.1016/j.chc.2020.02.006 

Keith, J. M., Jamieson, J. P., & Bennetto, L. (2019). The importance of adolescent self-report in 

autism spectrum disorder: Integration of questionnaire and autonomic measures. Journal of 

Abnormal Child Psychology, 47(4), 741ï754. https://doi.org/10.1007/s10802-018-0455-1 

Kern, J. K., Trivedi, M. H., Garver, C. R., Grannemann, B. D., Andrews, A. A., Savla, J. S., 

Johnson, D. G., Mehta, J. A., & Schroeder, J. L. (2006). The pattern of sensory processing 

abnormalities in autism. Autism, 10(5), 480ï494. https://doi.org/10.1177/1362361306066564 

Kerns, C. M., & Kendall, P. C. (2012). The presentation and classification of anxiety in autism 

spectrum disorder. Clinical Psychology: Science and Practice, 19(4), 323ï347. 

https://doi.org/10.1111/cpsp.12009 

Kerns, C. M., Kendall, P. C., Berry, L., Souders, M. C., Franklin, M. E., Schultz, R. T., Miller, J., 

& Herrington, J. (2014). Traditional and atypical presentations of anxiety in youth with autism 

spectrum disorder. Journal of Autism and Developmental Disorders, 44(11), 2851ï2861. 

https://doi.org/10.1007/s10803-014-2141-7 

Kerns, C. M., Rump, K., Worley, J., Kratz, H., McVey, A., Herrington, J., & Miller, J. (2016). The 

differential diagnosis of anxiety disorders in cognitively-able youth with autism. Cognitive and 

Behavioral Practice, 23(4), 530ï547. https://doi.org/10.1016/j.cbpra.2015.11.004 

Khalfa, S., Bruneau, N., Rogé, B., Georgieff, N., Veuillet, E., Adrien, J.-L., Barthélémy, C., & 

Collet, L. (2004). Increased perception of loudness in autism. Hearing Research, 198(1ï2), 87ï92. 

https://doi.org/10.1016/j.heares.2004.07.006 

Kirby, A. V., Dickie, V. A., & Baranek, G. T. (2015). Sensory experiences of children with autism 

spectrum disorder: In their own words. Autism, 19(3), 316ï326. 

https://doi.org/10.1177/1362361314520756 

Kjellberg, A., Landström, U., Tesarz, M., Söderberg, L., & Akerlund, E. (1996). The effects of 

nonphysical noise characteristics, ongoing task and noise sensitivity on annoyance and distraction 

due to noise at work. Journal of Environmental Psychology, 16(2), 123ï136. 

https://doi.org/10.1006/jevp.1996.0010 

Kliuchko, M., Heinonen-Guzejev, M., Vuust, P., Tervaniemi, M., & Brattico, E. (2016). A window 
into the brain mechanisms associated with noise sensitivity. Scientific Reports, 6, Article 1. 

https://doi.org/10.1038/srep39236 



43 

   

 

 43 

Koegel, R. L., Openden, D., & Koegel, L. K. (2004). A systematic desensitization paradigm to 

treat hypersensitivity to auditory stimuli in children with autism in family contexts. Research and 

Practice for Persons with Severe Disabilities, 29(2), 122ï134. 

https://doi.org/10.2511/rpsd.29.2.122 

Koops, E. A., & van Dijk, P. (2021). Hyperacusis in tinnitus patients relates to enlarged subcortical 

and cortical responses to sound except at the tinnitus frequency. Hearing Research, 401, Article 

108158. https://doi.org/10.1016/j.heares.2020.108158 

Kuiper, M. W. M., Verhoeven, E. W. M., & Geurts, H. M. (2019). Stop making noise! Auditory 

sensitivity in adults with an autism spectrum disorder diagnosis: Physiological habituation and 

subjective detection thresholds. Journal of Autism and Developmental Disorders, 49(5), 2116ï

2128. https://doi.org/10.1007/s10803-019-03890-9 

Kulesza, R. J., Lukose, R., & Stevens, L. V. (2011). Malformation of the human superior olive in 

autistic spectrum disorders. Brain Research, 1367, 360ï371. 

https://doi.org/10.1016/j.brainres.2010.10.015 

Kulesza, R. J., & Mangunay, K. (2008). Morphological features of the medial superior olive in 

autism. Brain Research, 1200, 132ï137. https://doi.org/10.1016/j.brainres.2008.01.009 

Kumar, S., Dheerendra, P., Erfanian, M., Benzaquén, E., Sedley, W., Gander, P. E., Lad, M., 

Bamiou, D. E., & Griffiths, T. D. (2021). The Motor Basis for Misophonia. Journal of 

Neuroscience, 41(26), 5762ï5770. https://doi.org/10.1523/JNEUROSCI.0261-21.2021 

Kumar, S., Tansley-Hancock, O., Sedley, W., Winston, J. S., Callaghan, M. F., Allen, M., Cope, T. 

E., Gander, P. E., Bamiou, D.-E., & Griffiths, T. D. (2017). The brain basis for misophonia. 

Current Biology, 27(4), 527ï533. https://doi.org/10.1016/j.cub.2016.12.048 

Kumar, S., von Kriegstein, K., Friston, K., & Griffiths, T. D. (2012). Features versus feelings: 

Dissociable representations of the acoustic features and valence of aversive sounds. Journal of 

Neuroscience, 32(41), 14184ï14192. https://doi.org/10.1523/JNEUROSCI.1759-12.2012 

Lai, M.-C., Kassee, C., Besney, R., Bonato, S., Hull, L., Mandy, W., Szatmari, P., & Ameis, S. H. 

(2019). Prevalence of co-occurring mental health diagnoses in the autism population: A systematic 

review and meta-analysis. The Lancet Psychiatry, 6(10), 819ï829. https://doi.org/10.1016/s2215-

0366(19)30289-5 

Landgrebe, M., & Langguth, B. (2011). Tinnitus and anxiety. In A. R. Møller, B. Langguth, D. De 

Ridder, & T. Kleinjung (Eds.), Textbook of tinnitus (pp. 499ï503). Springer. 

https://doi.org/10.1007/978-1-60761-145-5_64 

Landon, J., Shepherd, D., & Lodhia, V. (2016). A qualitative study of noise sensitivity in adults 

with autism spectrum disorder. Research in Autism Spectrum Disorders, 32, 43ï52. 

https://doi.org/10.1016/j.rasd.2016.08.005 

Langers, D. R. M., van Dijk, P., Schoenmaker, E. S., & Backes, W. H. (2007). fMRI activation in 

relation to sound intensity and loudness. NeuroImage, 35(2), 709ï718. 

https://doi.org/10.1016/j.neuroimage.2006.12.013 

Lanting, C. P., De Kleine, E., Bartels, H., & Van Dijk, P. (2008). Functional imaging of unilateral 

tinnitus using fMRI. Acta Oto-Laryngologica, 128(4), 415ï421. 

https://doi.org/10.1080/00016480701793743 



44 

   

 

 44 

Lau, B. K., Maddox, R. K., Estes, A., Dager, S., & Lee, A. K. (2018). Combining clinical, 

behavioral, and neurophysiological measures to investigate auditory processing abnormalities in 

individuals with autism spectrum disorder. Proceedings of Meetings on Acoustics, 35(1), 050004. 

https://doi.org/10.1121/2.0000971 

Lau, B. Y., Leong, R., Uljarevic, M., Lerh, J. W., Rodgers, J., Hollocks, M. J., South, M., 

McConachie, H., Ozsivadjian, A., Van Hecke, A., Libove, R., Hardan, A., Leekam, S., Simonoff, 

E., & Magiati, I. (2020). Anxiety in young people with autism spectrum disorder: Common and 

autism-related anxiety experiences and their associations with individual characteristics. Autism, 

24(5), 1111ï1126. https://doi.org/10.1177/1362361319886246 

Laumen, G., Ferber, A. T., Klump, G. M., & Tollin, D. J. (2016). The physiological basis and 

clinical use of the binaural interaction component of the auditory brainstem response. Ear and 

Hearing, 37(5), e276ïe290. https://doi.org/10.1097/AUD.0000000000000301 

Law, J. K., Rubenstein, E., Marvin, A. R., Toroney, J., & Lipkin, P. H. (2016, May). Auditory 

sensitivity issues in children with autism spectrum disorders: Characteristics and burden. Pediatric 

Academic Societies Meeting, Baltimore, MD. 

https://iancommunity.org/sites/default/files/galleries/conference-presentations/Law_PAS_2016.pdf 

Lawson, R. P., Aylward, J., White, S., & Rees, G. (2015). A striking reduction of simple loudness 

adaptation in autism. Scientific Reports, 5(1), Article 16157. https://doi.org/10.1038/srep16157 

LeDoux, J. E. (2000). Emotion Circuits in the Brain. Annual Review of Neuroscience, 23(1), 155ï

184. https://doi.org/10.1146/annurev.neuro.23.1.155 

LeDoux, J. E., Farb, C. R., & Romanski, L. M. (1991). Overlapping projections to the amygdala 

and striatum from auditory processing areas of the thalamus and cortex. Neuroscience Letters, 

134(1), 139ï144. https://doi.org/10.1016/0304-3940(91)90526-Y 

Lee, E., Lee, J., & Kim, E. (2017). Excitation/inhibition imbalance in animal models of autism 

spectrum disorders. Biological Psychiatry, 81(10), 838ï847. 

https://doi.org/10.1016/j.biopsych.2016.05.011 

Leekam, S. R., Nieto, C., Libby, S. J., Wing, L., & Gould, J. (2007). Describing the sensory 

abnormalities of children and adults with autism. Journal of Autism and Developmental Disorders, 

37(5), 894ï910. https://doi.org/10.1007/s10803-006-0218-7 

Lewin, A. B., Milgram, L., Cepeda, S. L., Dickinson, S., Bolen, M., Kudryk, K., Bolton, C., 

Karlovich, A. R., Grassie, H. L., Kangavary, A., Harmon, S. L., Guzick, A., & Ehrenreich May, J. 

(2024). Clinical characteristics of treatment seeking youth with misophonia. Journal of Clinical 

Psychology. Advance online publication. https://doi.org/10.1002/jclp.23672 

Leyfer, O. T., Folstein, S. E., Bacalman, S., Davis, N. O., Dinh, E., Morgan, J., Tager-Flusberg, H., 

& Lainhart, J. E. (2006). Comorbid psychiatric disorders in children with autism: Interview 

development and rates of disorders. Journal of Autism and Developmental Disorders, 36(7), 849ï

861. https://doi.org/10.1007/s10803-006-0123-0 

Li, A., Gao, G., Fu, T., Pang, W., Zhang, X., Qin, Z., & Ge, R. (2020). Continued development of 

auditory ability in autism spectrum disorder children: A clinical study on click-evoked auditory 

brainstem response. International Journal of Pediatric Otorhinolaryngology, 138, Article 110305. 

https://doi.org/10.1016/j.ijporl.2020.110305 



45 

   

 

 45 

Li, H., Takeda, Y., Niki, H., Ogawa, J., Kobayashi, S., Kai, N., Akasaka, K., Asano, M., Sudo, K., 

Iwakura, Y., & Watanabe, K. (2003). Aberrant responses to acoustic stimuli in mice deficient for 

neural recognition molecule NB-2. European Journal of Neuroscience, 17(5), 929ï936. 

https://doi.org/10.1046/j.1460-9568.2003.02514.x 

Liu, C., Glowatzki, E., & Fuchs, P. A. (2015). Unmyelinated type II afferent neurons report 

cochlear damage. Proceedings of the National Academy of Sciences, 112(47), 14723ï14727. 

https://doi.org/10.1073/pnas.1515228112 

Lord, C., Brugha, T. S., Charman, T., Cusack, J., Dumas, G., Frazier, T., Jones, E. J. H., Jones, R. 

M., Pickles, A., State, M. W., Taylor, J. L., & Veenstra-VanderWeele, J. (2020). Autism spectrum 

disorder. Nature Reviews Disease Primers, 6, Article 5. https://doi.org/10.1038/s41572-019-0138-4 

Lorenz, T., Frischling, C., Cuadros, R., & Heinitz, K. (2016). Autism and overcoming job barriers: 

Comparing job-related barriers and possible solutions in and outside of autism-specific 

employment. Plos One, 11(1), Article e0147040. https://doi.org/10.1371/journal.pone.0147040 

Lovelace, J. W., Rais, M., Palacios, A. R., Shuai, X. S., Bishay, S., Popa, O., Pirbhoy, P. S., 

Binder, D. K., Nelson, D. L., Ethell, I. M., & Razak, K. A. (2020). Deletion of Fmr1 from 

forebrain excitatory neurons triggers abnormal cellular, EEG, and behavioral phenotypes in the 

auditory cortex of a mouse model of fragile X syndrome. Cerebral Cortex, 30(3), 969ï988. 

https://doi.org/10.1093/cercor/bhz141 

Lu, J., Lobarinas, E., Deng, A., Goodey, R., Stolzberg, D., Salvi, R. J., & Sun, W. (2011). 

GABAergic neural activity involved in salicylate-induced auditory cortex gain enhancement. 

Neuroscience, 189, 187ï198. https://doi.org/10.1016/j.neuroscience.2011.04.073 

Lucker, J. R. (2013). Auditory hypersensitivity in children with autism spectrum disorders. Focus 

on Autism and Other Developmental Disabilities, 28(3), 184ï191. 

https://doi.org/10.1177/1088357613475810 

Lugo-Marín, J., Magán-Maganto, M., Rivero-Santana, A., Cuellar-Pompa, L., Alviani, M., Jenaro-

Rio, C., Díez, E., & Canal-Bedia, R. (2019). Prevalence of psychiatric disorders in adults with 

autism spectrum disorder: A systematic review and meta-analysis. Research in Autism Spectrum 

Disorders, 59, 22ï33. https://doi.org/10.1016/j.rasd.2018.12.004 

Lukose, R., Beebe, K., & Kulesza, R. J. (2015). Organization of the human superior olivary 

complex in 15q duplication syndromes and autism spectrum disorders. Neuroscience, 286, 216ï

230. https://doi.org/10.1016/j.neuroscience.2014.11.033 

Lukose, R., Brown, K., Barber, C. M., & Kulesza, R. J. (2013). Quantification of the stapedial 

reflex reveals delayed responses in autism: Delayed brain stem reflexes in autism. Autism 

Research, 6(5), 344ï353. https://doi.org/10.1002/aur.1297 

Lukose, R., Schmidt, E., Wolski, T. P., Murawski, N. J., & Kulesza, R. J. (2011). Malformation of 

the superior olivary complex in an animal model of autism. Brain Research, 1398, 102ï112. 

https://doi.org/10.1016/j.brainres.2011.05.013 

Ma, L., Ono, M., Qin, L., & Kato, N. (2020). Acoustic trauma induced the alteration of the activity 

balance of excitatory and inhibitory neurons in the inferior colliculus of mice. Hearing Research, 

391, 107957. https://doi.org/10.1016/j.heares.2020.107957 

MacLennan, K., OôBrien, S., & Tavassoli, T. (2022). In our own words: The complex sensory 



46 

   

 

 46 

experiences of autistic adults. Journal of Autism and Developmental Disorders, 52(7), 3061ï3075. 

https://doi.org/10.1007/s10803-021-05186-3 

MacLennan, K., Roach, L., & Tavassoli, T. (2020). The relationship between sensory reactivity 

differences and anxiety subtypes in autistic children. Autism Research, 13(5), 785ï795. 

https://doi.org/10.1002/aur.2259 

MacLennan, K., Woolley, C., @21andsensory, E., Heasman, B., Starns, J., George, B., & 

Manning, C. (2023). ñIt is a big spider web of thingsò: Sensory experiences of autistic adults in 

public spaces. Autism in Adulthood, 5(4), 411ï422. https://doi.org/10.1089/aut.2022.0024 

Maenner, M. J., Warren, Z., Williams, A. R., Amoakohene, E., Bakian, A. V., Bilder, D. A., 

Durkin, M. S., Fitzgerald, R. T., Furnier, S. M., Hughes, M. M., Ladd-Acosta, C. M., McArthur, 

D., Pas, E. T., Salinas, A., Vehorn, A., Williams, S., Esler, A., Grzybowski, A., Hall-Lande, J., é 

Shaw, K. A. (2023). Prevalence and Characteristics of Autism Spectrum Disorder Among Children 

Aged 8 YearsðAutism and Developmental Disabilities Monitoring Network, 11 Sites, United 

States, 2020. MMWR Surveillance Summaries, 72(2), 1ï14. 

https://doi.org/10.15585/mmwr.ss7202a1 

Malhotra, A. S., & Kulesza, R. (2023). Abnormal auditory brainstem responses in an animal model 

of autism spectrum disorder. Hearing Research, 436, Article 108816. 

https://doi.org/10.1016/j.heares.2023.108816 

Manohar, S., Chen, G.-D., Li, L., Liu, X., & Salvi, R. (2023). Chronic stress induced loudness 

hyperacusis, sound avoidance and auditory cortex hyperactivity. Hearing Research, 431, Article 

108726. https://doi.org/10.1016/j.heares.2023.108726 

Mansour, Y., Ahmed, S. N., & Kulesza, R. (2021). Abnormal morphology and subcortical 

projections to the medial geniculate in an animal model of autism. Experimental Brain Research, 

239(2), 381ï400. https://doi.org/10.1007/s00221-020-05982-w 

Mansour, Y., & Kulesza, R. J. (2020). Three dimensional reconstructions of the superior olivary 

complex from children with autism spectrum disorder. Hearing Research, 107974. 

https://doi.org/10.1016/j.heares.2020.107974 

Mansour, Y., Mangold, S., Chosky, D., & Kulesza, R. J. (2019). Auditory midbrain hypoplasia and 

dysmorphology after prenatal valproic acid exposure. Neuroscience, 396, 79ï93. 

https://doi.org/10.1016/j.neuroscience.2018.11.016 

Marriage, J., & Barnes, N. M. (1995). Is central hyperacusis a symptom of 5-hydroxytryptamine 

(5-HT) dysfunction? The Journal of Laryngology & Otology, 109(10), 915ï921. 

https://doi.org/10.1017/s0022215100131676 

Mayes, S. D., Calhoun, S. L., Aggarwal, R., Baker, C., Mathapati, S., Molitoris, S., & Mayes, R. 

D. (2013). Unusual fears in children with autism. Research in Autism Spectrum Disorders, 7(1), 

151ï158. https://doi.org/10.1016/j.rasd.2012.08.002 

Mazurek, M. O., Sadikova, E., Cheak-Zamora, N., Hardin, A., Sohl, K., & Malow, B. A. (2023). 

Health Care Needs, Experiences, and Perspectives of Autistic Adults. Autism in Adulthood, 5(1), 

51ï62. https://doi.org/10.1089/aut.2021.0069 

McCullagh, E. A., Rotschafer, S. E., Auerbach, B. D., Klug, A., Kaczmarek, L. K., Cramer, K. S., 

Kulesza, R. J., Razak, K. A., Lovelace, J. W., Lu, Y., Koch, U., & Wang, Y. (2020). Mechanisms 



47 

   

 

 47 

underlying auditory processing deficits in fragile X syndrome. The FASEB Journal, 34(3), 3501ï

3518. https://doi.org/10.1096/fj.201902435R 

McVey, A. J. (2019). The neurobiological presentation of anxiety in autism spectrum disorder: A 

systematic review. Autism Research, 12(3), 346ï369. https://doi.org/10.1002/aur.2063 

Melcher, J. R., Levine, R. A., Bergevin, C., & Norris, B. (2009). The auditory midbrain of people 

with tinnitus: Abnormal sound-evoked activity revisited. Hearing Research, 257(1ï2), 63ï74. 

https://doi.org/10.1016/j.heares.2009.08.005 

Meltzer, H., Vostanis, P., Dogra, N., Doos, L., Ford, T., & Goodman, R. (2009). Childrenôs 

specific fears. Child: Care, Health and Development, 35(6), 781ï789. 

https://doi.org/10.1111/j.1365-2214.2008.00908.x 

Mercati, O., Huguet, G., Danckaert, A., André-Leroux, G., Maruani, A., Bellinzoni, M., Rolland, 

T., Gouder, L., Mathieu, A., Buratti, J., Amsellem, F., Benabou, M., Van-Gils, J., Beggiato, A., 

Konyukh, M., Bourgeois, J.-P., Gazzellone, M. J., Yuen, R. K. C., Walker, S., é Bourgeron, T. 

(2017). CNTN6 mutations are risk factors for abnormal auditory sensory perception in autism 

spectrum disorders. Molecular Psychiatry, 22(4), 625ï633. https://doi.org/10.1038/mp.2016.61 

Micoulaud-Franchi, J.-A., Lopez, R., Vaillant, F., Richieri, R., El-Kaim, A., Bioulac, S., Philip, P., 

Boyer, L., & Lancon, C. (2015). Perceptual abnormalities related to sensory gating deficit are core 

symptoms in adults with ADHD. Psychiatry Research, 230(2), 357ï363. 

https://doi.org/10.1016/j.psychres.2015.09.016 

Milad, M. R., & Quirk, G. J. (2012). Fear extinction as a model for translational neuroscience: Ten 

years of progress. Annual Review of Psychology, 63(1), 129ï151. 

https://doi.org/10.1146/annurev.psych.121208.131631 

Millin, R., Kolodny, T., Flevaris, A. V., Kale, A. M., Schallmo, M.-P., Gerdts, J., Bernier, R. A., & 

Murray, S. (2018). Reduced auditory cortical adaptation in autism spectrum disorder. eLife, 7, 

20150355. https://doi.org/10.7554/elife.36493 

Miron, O., Beam, A. L., & Kohane, I. S. (2018). Auditory brainstem response in infants and 

children with autism spectrum disorder: A meta-analysis of wave V. Autism Research, 11(2), 355ï

363. https://doi.org/10.1002/aur.1886 

Möhrle, D., Hofmeier, B., Amend, M., Wolpert, S., Ni, K., Bing, D., Klose, U., Pichler, B., 

Knipper, M., & Rüttiger, L. (2019). Enhanced central neural gain compensates acoustic trauma-

induced cochlear impairment, but unlikely correlates with tinnitus and hyperacusis. Neuroscience, 

407, 146ï169. https://doi.org/10.1016/j.neuroscience.2018.12.038 

Mßller, A. R. (2011). Misophonia, phonophobia, and ñexploding headò syndrome. In A. R. Mßller, 

B. Langguth, D. De Ridder, & T. Kleinjung (Eds.), Textbook of tinnitus (pp. 25ï27). Springer. 

https://doi.org/10.1007/978-1-60761-145-5_4 

Moore, B. C. J., Glasberg, B. R., Hess, R. F., & Birchall, J. P. (1985). Effects of flanking noise 

bands on the rate of growth of loudness of tones in normal and recruiting ears. The Journal of the 

Acoustical Society of America, 77(4), 1505ï1513. https://doi.org/10.1121/1.392045 

Moore, D. J. (2015). Acute pain experience in individuals with autism spectrum disorders: A 

review. Autism, 19(4), 387ï399. https://doi.org/10.1177/1362361314527839 



48 

   

 

 48 

Moossavi, A., & Moallemi, M. (2019). Auditory processing and auditory rehabilitation approaches 

in autism. Auditory and Vestibular Research. https://doi.org/10.18502/avr.v28i1.410 

Mottron, L., Dawson, M., Soulières, I., Hubert, B., & Burack, J. (2006). Enhanced perceptual 

functioning in autism: An update, and eight principles of autistic perception. Journal of Autism and 

Developmental Disorders, 36(1), 27ï43. https://doi.org/10.1007/s10803-005-0040-7 

Mukaddes, N. M., & Fateh, R. (2010). High rates of psychiatric co-morbidity in individuals with 

Aspergerôs disorder. The World Journal of Biological Psychiatry, 11(2ï2), 486ï492. 

https://doi.org/10.3109/15622970902789130 

Muris, P., Merckelbach, H., de Jong, P. J., & Ollendick, T. H. (2002). The etiology of specific fears 

and phobias in children: A critique of the non-associative account. Behaviour Research and 

Therapy, 40(2), 185ï195. https://doi.org/10.1016/S0005-7967(01)00051-1 

Muskat, B., Burnham Riosa, P., Nicholas, D. B., Roberts, W., Stoddart, K. P., & Zwaigenbaum, L. 

(2015). Autism comes to the hospital: The experiences of patients with autism spectrum disorder, 

their parents and health-care providers at two Canadian paediatric hospitals. Autism, 19(4), 482ï

490. https://doi.org/10.1177/1362361314531341 

Muskett, A., Capriola-Hall, N. N., Radtke, S. R., Factor, R., & Scarpa, A. (2019). Repetitive 

behaviors in autism spectrum disorder: Associations with depression and anxiety symptoms. 

Research in Autism Spectrum Disorders, 68, 101449. https://doi.org/10.1016/j.rasd.2019.101449 

Nakashima, T., Pyykkö, I., Arroll, M. A., Casselbrant, M. L., Foster, C. A., Manzoor, N. F., 

Megerian, C. A., Naganawa, S., & Young, Y.-H. (2016). Meniereôs disease. Nature Reviews 

Disease Primers, 2(1), Article 16028. https://doi.org/10.1038/nrdp.2016.28 

Naples, A., Wolf, J., Carlos, C. L., Foss-Feig, J. H., Anticevic, A., Kala, S., Bagdasarov, A., 

Cummings, E. M., Srihari, V., & McPartland, J. (2020, June 3). Dynamics of E/I activity predict 
social and sensory symptoms transdiagnostically. INSAR 2020 Virtual Meeting. 

https://insar.confex.com/insar/2020/meetingapp.cgi/Paper/34960 

Neacsiu, A. D., Szymkiewicz, V., Galla, J. T., Li, B., Kulkarni, Y., & Spector, C. W. (2022). The 

neurobiology of misophonia and implications for novel, neuroscience-driven interventions. 

Frontiers in Neuroscience, 16, Article 893903. https://doi.org/10.3389/fnins.2022.893903 

Neal, M., & Cavanna, A. E. (2013). Selective sound sensitivity syndrome (misophonia) in a patient 

with Tourette wyndrome. The Journal of Neuropsychiatry and Clinical Neurosciences, 25(1), E01. 

https://doi.org/10.1176/appi.neuropsych.11100235 

Neil, L., Green, D., & Pellicano, E. (2017). The psychometric properties of a new measure of 

sensory behaviors in autistic children. Journal of Autism and Developmental Disorders, 47(4), 

1261ï1268. https://doi.org/10.1007/s10803-016-3018-8 

Neil, L., Olsson, N. C., & Pellicano, E. (2016). The relationship between intolerance of 

uncertainty, sensory sensitivities, and anxiety in autistic and typically developing children. Journal 

of Autism and Developmental Disorders, 46(6), 1962ï1973. https://doi.org/10.1007/s10803-016-

2721-9 

Nelson, S. B., & Valakh, V. (2015). Excitatory/inhibitory balance and circuit homeostasis in 

autism spectrum disorders. Neuron, 87(4), 684ï698. https://doi.org/10.1016/j.neuron.2015.07.033 



49 

   

 

 49 

Nomi, J. S., Molnar-Szakacs, I., & Uddin, L. Q. (2019). Insular function in autism: Update and 

future directions in neuroimaging and interventions. Progress in Neuro-Psychopharmacology and 

Biological Psychiatry, 89, 412ï426. https://doi.org/10.1016/j.pnpbp.2018.10.015 

Noreña, A. J., & Chery-Croze, S. (2007). Enriched acoustic environment rescales auditory 

sensitivity. NeuroReport, 18(12), 1251ï1255. https://doi.org/10.1097/WNR.0b013e3282202c35 

OôConnor, K. (2012). Auditory processing in autism spectrum disorder: A review. Neuroscience 

and Biobehavioral Reviews, 36(2), 836ï854. https://doi.org/10.1016/j.neubiorev.2011.11.008 

Ohmura, Y., Ichikawa, I., Kumagaya, S., & Kuniyoshi, Y. (2019). Stapedial reflex threshold 

predicts individual loudness tolerance for people with autistic spectrum disorders. Experimental 

Brain Research, 237(1), 91ï100. https://doi.org/10.1007/s00221-018-5400-6 

Ollendick, T. H., King, N. J., & Muris, P. (2002). Fears and phobias in children: Phenomenology, 

epidemiology, and aetiology. Child and Adolescent Mental Health, 7(3), 98ï106. 

https://doi.org/10.1111/1475-3588.00019 

Ozsivadjian, A., Knott, F., & Magiati, I. (2012). Parent and child perspectives on the nature of 

anxiety in children and young people with autism spectrum disorders: A focus group study. Autism, 

16(2), 107ï121. https://doi.org/10.1177/1362361311431703 

Palumbo, D. B., Alsalman, O., De Ridder, D., Song, J.-J., & Vanneste, S. (2018). Misophonia and 

potential underlying mechanisms: A perspective. Frontiers in Psychology, 9, Article 219. 

https://doi.org/10.3389/fpsyg.2018.00953 

Pan, E. J., Weleff, J., Anand, A., & Barnett, B. S. (2022). Treatment of misophonia with 

risperidone in a patient with autism spectrum disorder. Case Reports in Psychiatry, 2022, Article 

e3169834. https://doi.org/10.1155/2022/3169834 

Parkinson, S., Schumann, S., Taylor, A., Fenton, C., Kearney, G., Garside, M., & Johnston, D. 

(2023). SoundFields: A virtual reality home-based intervention for auditory hypersensitivity 

experienced by autistic children. Applied Sciences, 13(11), Article 11. 

https://doi.org/10.3390/app13116783 

Paulin, J., Andersson, L., & Nordin, S. (2016). Characteristics of hyperacusis in the general 

population. Noise & Health, 18(83), 178ï184. https://doi.org/10.4103/1463-1741.189244 

Pelletier, M.-F., Hodgetts, H. M., Lafleur, M. F., Vincent, A., & Tremblay, S. (2016). Vulnerability 

to the irrelevant sound effect in adult ADHD. Journal of Attention Disorders, 20(4), 306ï316. 

https://doi.org/10.1177/1087054713492563 

Pellicano, E., & Burr, D. (2012). When the world becomes ñtoo realò: A Bayesian explanation of 

autistic perception. Trends in Cognitive Sciences, 16(10), 504ï510. 

https://doi.org/10.1016/j.tics.2012.08.009 

Phillips, D. P., & Carr, M. M. (1998). Disturbances of loudness perception. Journal of the 

American Academy of Audiology, 9(5), 371ï379. 

Pickard, H., Hirsch, C., Simonoff, E., & Happé, F. (2020). Exploring the cognitive, emotional and 

sensory correlates of social anxiety in autistic and neurotypical adolescents. Journal of Child 

Psychology and Psychiatry, 61(12), 1317ï1327. https://doi.org/10.1111/jcpp.13214 



50 

   

 

 50 

Pienkowski, M. (2019). Rationale and efficacy of sound therapies for tinnitus and hyperacusis. 

Neuroscience, 407, 120ï134. https://doi.org/10.1016/j.neuroscience.2018.09.012 

Pienkowski, M., Tyler, R. S., Roncancio, E. R., Jun, H. J., Brozoski, T., Dauman, N., Coelho, C. 

B., Andersson, G., Keiner, A. J., Cacace, A. T., Martin, N., & Moore, B. C. J. (2014). A review of 

hyperacusis and future directions: Part II. Measurement, mechanisms, and treatment. American 

Journal of Audiology, 23(4), 420ï436. https://doi.org/10.1044/2014_AJA-13-0037 

Pillion, J. P., Boatman-Reich, D., & Gordon, B. (2018). Auditory brainstem pathology in autism 

spectrum disorder: A review. Cognitive And Behavioral Neurology, 31(2), 53ï78. 

https://doi.org/10.1097/wnn.0000000000000154 

Plutchik, R. (1963). Auditory pain thresholds for intermittent, ñbeatò and steady signals. 

Perceptual and Motor Skills, 16(3), 863ï870. https://doi.org/10.2466/pms.1963.16.3.863 

Potgieter, I., MacDonald, C., Partridge, L., Cima, R., Sheldrake, J., & Hoare, D. J. (2019). 

Misophonia: A scoping review of research. Journal of Clinical Psychology, 75(7), 1203ï1218. 

https://doi.org/10.1002/jclp.22771 

Poulsen, R., Williams, Z. J., Dwyer, P., Pellicano, L., Sowman, P. F., & McAlpine, D. (2024). How 

auditory processing influences the autistic profileðA review [Preprint]. PsyArXiv. 

https://doi.org/10.31234/osf.io/a7kr5 

Poulton, R., & Menzies, R. G. (2002). Non-associative fear acquisition: A review of the evidence 

from retrospective and longitudinal research. Behaviour Research and Therapy, 40(2), 127ï149. 

https://doi.org/10.1016/S0005-7967(01)00045-6 

Preece, D., & Jordan, R. (2010). Obtaining the views of children and young people with autism 

spectrum disorders about their experience of daily life and social care support. British Journal of 

Learning Disabilities, 38(1), 10ï20. https://doi.org/10.1111/j.1468-3156.2009.00548.x 

Punch, J., Joseph, A., & Rakerd, B. (2004). Most comfortable and uncomfortable loudness levels: 

Six decades of research. American Journal of Audiology, 13(2), 144ï157. 

https://doi.org/10.1044/1059-0889(2004/019) 

Radziwon, K., Auerbach, B. D., Ding, D., Liu, X., Chen, G.-D., & Salvi, R. (2019). Noise-Induced 

loudness recruitment and hyperacusis: Insufficient central gain in auditory cortex and amygdala. 

Neuroscience, 422, 212ï227. https://doi.org/10.1016/j.neuroscience.2019.09.010 

Remington, A., & Fairnie, J. (2017). A sound advantage: Increased auditory capacity in autism. 

Cognition, 166, 459ï465. https://doi.org/10.1016/j.cognition.2017.04.002 

Robertson, A. E., & Simmons, D. R. (2013). The relationship between sensory sensitivity and 

autistic traits in the general population. Journal of Autism and Developmental Disorders, 43(4), 

775ï784. https://doi.org/10.1007/s10803-012-1608-7 

Robertson, A. E., & Simmons, D. R. (2015). The sensory experiences of adults with autism 

spectrum disorder: A qualitative analysis. Perception, 44(5), 569ï586. 

https://doi.org/10.1068/p7833 

Robertson, C. E., & Baron-Cohen, S. (2017). Sensory perception in autism. Nature Reviews 

Neuroscience, 18(11), 671ï684. https://doi.org/10.1038/nrn.2017.112 



51 

   

 

 51 

Rodgers, J., Wigham, S., McConachie, H., Freeston, M., Honey, E., & Parr, J. R. (2016). 

Development of the anxiety scale for children with autism spectrum disorder (ASC-ASD). Autism 

Research, 9(11), 1205ï1215. https://doi.org/10.1002/aur.1603 

Rodier, P. M., Ingram, J. L., Tisdale, B., & Croog, V. J. (1997). Linking etiologies in humans and 

animal models: Studies of autism. Reproductive Toxicology, 11(2), 417ï422. 

https://doi.org/10.1016/S0890-6238(97)80001-U 

Röhl, M., & Uppenkamp, S. (2012). Neural coding of sound intensity and loudness in the human 

auditory system. Journal of the Association for Research in Otolaryngology, 13(3), 369ï379. 

https://doi.org/10.1007/s10162-012-0315-6 

Rosenhall, U., Nordin, V., Sandström, M., Ahlsén, G., & Gillberg, C. (1999). Autism and hearing 

loss. Journal of Autism and Developmental Disorders, 29(5), 349ï357. 

https://doi.org/10.1023/A:1023022709710 

Rosenthal, M. Z., Anand, D., Cassiello-Robbins, C., Williams, Z. J., Guetta, R. E., Trumbull, J., & 

Kelley, L. D. (2021). Development and initial validation of the Duke Misophonia Questionnaire. 

Frontiers in Psychology, 12, Article 4197. https://doi.org/10.3389/fpsyg.2021.709928 

Rotschafer, S. E., & Cramer, K. S. (2017). Developmental emergence of phenotypes in the 

auditory brainstem nuclei of Fmr1 knockout mice. eNeuro, 4(6), ENEURO.0264-17.2017. 

https://doi.org/10.1523/ENEURO.0264-17.2017 

Rotschafer, S. E., Marshak, S., & Cramer, K. S. (2015). Deletion of Fmr1 alters function and 

synaptic inputs in the auditory brainstem. PLoS One, 10(2), e0117266. 

https://doi.org/10.1371/journal.pone.0117266 

Rotschafer, S. E., & Razak, K. (2013). Altered auditory processing in a mouse model of fragile X 

syndrome. Brain Research, 1506, 12ï24. https://doi.org/10.1016/j.brainres.2013.02.038 

Rubenstein, J. L. R., & Merzenich, M. M. (2003). Model of autism: Increased ratio of 

excitation/inhibition in key neural systems. Genes, Brain and Behavior, 2(5), 255ï267. 

https://doi.org/10.1034/j.1601-183X.2003.00037.x 

Salvi, R. J., Auerbach, B. D., Lau, C., Chen, Y.-C., Manohar, S., Liu, X., Ding, D., & Chen, G.-D. 

(2020). Functional neuroanatomy of salicylate- and noise-induced tinnitus and hyperacusis. 1ï28. 

https://doi.org/10.1007/7854_2020_156 

Salvi, R. J., Chen, G.-D., & Manohar, S. (2022). Hyperacusis: Loudness intolerance, fear, 

annoyance and pain. Hearing Research, 426, Article 108648. 

https://doi.org/10.1016/j.heares.2022.108648 

Salvi, R. J., Wang, J., & Ding, D. (2000). Auditory plasticity and hyperactivity following cochlear 

damage. Hearing Research, 147(1), 261ï274. https://doi.org/10.1016/S0378-5955(00)00136-2 

Samermit, P., Young, M., Allen, A. K., Trillo, H., Shankar, S., Klein, A., Kay, C., Mahzouni, G., 

Reddy, V., Hamilton, V., & Davidenko, N. (2022). Development and evaluation of a sound-

swapped video database for misophonia. Frontiers in Psychology, 13, Article 890829. 

https://doi.org/10.3389/fpsyg.2022.890829 

Sandbank, M., Bottema-Beutel, K., Crowley, S., Cassidy, M., Dunham, K., Feldman, J. I., Crank, 

J., Albarran, S. A., Raj, S., Mahbub, P., & Woynaroski, T. G. (2020). Project AIM: Autism 



52 

   

 

 52 

intervention meta-analysis for studies of young children. Psychological Bulletin, 146(1), 1ï29. 

https://doi.org/10.1037/bul0000215 

Sandbank, M., Bottema-Beutel, K., LaPoint, S. C., Feldman, J. I., Barrett, D. J., Caldwell, N., 

Dunham, K., Crank, J., Albarran, S., & Woynaroski, T. (2023). Autism intervention meta-analysis 

of early childhood studies (Project AIM): Updated systematic review and secondary analysis. BMJ, 

383, Article e076733. https://doi.org/10.1136/bmj-2023-076733 

Sandrock, S., Schütte, M., & Griefahn, B. (2008). Impairing effects of noise in high and low noise 

sensitive persons working on different mental tasks. International Archives of Occupational and 

Environmental Health, 82(6), 779. https://doi.org/10.1007/s00420-008-0379-0 

Santos, M., Marques, C., Nóbrega Pinto, A., Fernandes, R., Coutinho, M. B., & Almeida e Sousa, 

C. (2017). Autism spectrum disorders and the amplitude of auditory brainstem response wave I: 

Autism spectrum disorders and the amplitude of ABR wave I. Autism Research, 10(7), 1300ï1305. 

https://doi.org/10.1002/aur.1771 

Sato, K. (2022). What is the mechanism of loudness hyperacusis in autism? Medical Hypotheses, 

159, Article 110759. https://doi.org/10.1016/j.mehy.2021.110759 

Savard, M.-A., Sares, A. G., Coffey, E. B. J., & Deroche, M. L. D. (2022). Specificity of affective 

responses in misophonia depends on trigger identification. Frontiers in Neuroscience, 16, Article 

879583. https://doi.org/10.3389/fnins.2022.879583 

Scahill, L., Lecavalier, L., Schultz, R. T., Evans, A. N., Maddox, B., Pritchett, J., Herrington, J., 

Gillespie, S., Miller, J., Amoss, R. T., Aman, M. G., Bearss, K., Gadow, K., & Edwards, M. C. 

(2019). Development of the parent-rated anxiety scale for youth with autism spectrum disorder. 

Journal of the American Academy of Child & Adolescent Psychiatry, 58(9), 887-896.e2. 

https://doi.org/10.1016/j.jaac.2018.10.016 

Schauder, K. B., & Bennetto, L. (2016). Toward an Interdisciplinary Understanding of Sensory 

Dysfunction in Autism Spectrum Disorder: An Integration of the Neural and Symptom Literatures. 

Frontiers in Neuroscience, 10, Article 268. https://doi.org/10.3389/fnins.2016.00268 

Schecklmann, M., Jacquemin, L., & Baguley, D. M. (2024). Hyperacusis and Tinnitus. In W. 

Schlee, B. Langguth, D. De Ridder, S. Vanneste, T. Kleinjung, & A. R. Møller (Eds.), Textbook of 
Tinnitus (pp. 501ï513). Springer International Publishing. https://doi.org/10.1007/978-3-031-

35647-6_41 

Scheerer, N. E., Boucher, T., Arzanpour, S., Iarocci, G., & Birmingham, E. (2024). Autistic and 

non-autistic experiences of decreased sound tolerance and their association with mental health 

and quality of life. OSF. https://doi.org/10.31219/osf.io/dcb6h 

Scheerer, N. E., Boucher, T. Q., Bahmei, B., Iarocci, G., Arzanpour, S., & Birmingham, E. (2022). 

Family experiences of decreased sound tolerance in ASD. Journal of Autism and Developmental 

Disorders, 52(9), 4007ï4021. https://doi.org/10.1007/s10803-021-05282-4 

Schmidt, F. H., Mauermann, M., & Kollmeier, B. (2020). Neural representation of loudness: 

Cortical evoked potentials in an induced loudness reduction experiment. Trends in Hearing, 24, 

2331216519900595. https://doi.org/10.1177/2331216519900595 

Schoen, S. A., Lane, S. J., Mailloux, Z., May Benson, T., Parham, L. D., Roley, S. S., & Schaaf, R. 

C. (2019). A systematic review of Ayres Sensory Integration intervention for children with autism. 



53 

   

 

 53 

Autism Research, 12(1), 6ï19. https://doi.org/10.1002/aur.2046 

Scholl, B., & Wehr, M. (2008). Disruption of balanced cortical excitation and inhibition by 

acoustic trauma. Journal of Neurophysiology, 100(2), 646ï656. 

https://doi.org/10.1152/jn.90406.2008 

Schreiner, C. E., & Malone, B. J. (2015). Representation of loudness in the auditory cortex. In M. 

J. Aminoff, F. Boller, & D. F. Swaab (Eds.), Handbook of clinical neurology (Vol. 129, pp. 73ï

84). Elsevier. https://doi.org/10.1016/B978-0-444-62630-1.00004-4 

Schroder, A. C., Viemeister, N. F., & Nelson, D. A. (1994). Intensity discrimination in normal

hearing and hearing impaired listeners. The Journal of the Acoustical Society of America, 96(5), 

2683ï2693. https://doi.org/10.1121/1.411276 

Schröder, A. E., van Wingen, G., Eijsker, N., Giorgi, R. S., Vulink, N. C., Turbyne, C., & Denys, 

D. (2019). Misophonia is associated with altered brain activity in the auditory cortex and salience 

network. Scientific Reports, 9(1), 7542. https://doi.org/10.1038/s41598-019-44084-8 

Schröder, A. E., Vulink, N., & Denys, D. (2013). Misophonia: Diagnostic criteria for a new 

psychiatric disorder. PloS One, 8(1), Article e54706. https://doi.org/10.1371/journal.pone.0054706 

Seif, A., Shea, C., Schmid, S., & Stevenson, R. A. (2021). A systematic review of brainstem 

contributions to autism spectrum disorder. Frontiers in Integrative Neuroscience, 15, Article 

760116. https://doi.org/10.3389/fnint.2021.760116 

Sheldrake, J., Diehl, P. U., & Schaette, R. (2015). Audiometric characteristics of hyperacusis 

patients. Frontiers in Neurology, 6, Article 105. https://doi.org/10.3389/fneur.2015.00105 

Sheppard, A., Stocking, C., Ralli, M., & Salvi, R. (2020). A review of auditory gain, low-level 

noise and sound therapy for tinnitus and hyperacusis. International Journal of Audiology, 59(1), 5ï

15. https://doi.org/10.1080/14992027.2019.1660812 

Sibeoni, J., Massoutier, L., Valette, M., Manolios, E., Verneuil, L., Speranza, M., & Revah-Levy, 

A. (2022). The sensory experiences of autistic people: A metasynthesis. Autism, 26(5), 1032ï1045. 

https://doi.org/10.1177/13623613221081188 

Siepsiak, M., Vrana, S. R., Rynkiewicz, A., Rosenthal, M. Z., & Dragan, W. Ğ. (2023). Does 

context matter in misophonia? A multi-method experimental investigation. Frontiers in 

Neuroscience, 16, Article 880853. https://doi.org/10.3389/fnins.2022.880853 

Simonoff, E. (2020, June 3). Mental health in autistic people: Setting a research agenda for the 

coming decade [INSAR 2020 Virtual - Keynote Webinar]. International Society for Autism 

Research Annual Meeting. https://insar.confex.com/insar/2020/meetingapp.cgi/Paper/36311 

Sinha, Y., Silove, N., Wheeler, D., & Williams, K. (2006). Auditory integration training and other 

sound therapies for autism spectrum disorders: A systematic review. Archives of Disease in 

Childhood, 91(12), 1018ï1022. https://doi.org/10.1136/adc.2006.094649 

Smith, A., Storti, S., Lukose, R., & Kulesza, R. J. (2019). Structural and Functional Aberrations of 

the Auditory Brainstem in Autism Spectrum Disorder. The Journal of the American Osteopathic 

Association, 119(1), Article 41. https://doi.org/10.7556/jaoa.2019.007 

Smith, R. S., & Sharp, J. (2013). Fascination and isolation: A grounded theory exploration of 



54 

   

 

 54 

unusual sensory experiences in adults with Asperger syndrome. Journal of Autism and 

Developmental Disorders, 43(4), 891ï910. https://doi.org/10.1007/s10803-012-1633-6 

Sohal, V. S., & Rubenstein, J. L. R. (2019). Excitation-inhibition balance as a framework for 

investigating mechanisms in neuropsychiatric disorders. Molecular Psychiatry, 24(9), 1248ï1257. 

https://doi.org/10.1038/s41380-019-0426-0 

Sörqvist, P. (2010). The role of working memory capacity in auditory distraction: A review. Noise 

& Health, 12(49), 217ï224. https://doi.org/10.4103/1463-1741.70500 

Sörqvist, P., & Marsh, J. E. (2015). How concentration shields against distraction. Current 

Directions in Psychological Science, 24(4), 267ï272. https://doi.org/10.1177/0963721415577356 

Sörqvist, P., & Rönnberg, J. (2014). Individual differences in distractibility: An update and a 

model. PsyCh Journal, 3(1), 42ï57. https://doi.org/10.1002/pchj.47 

South, M., & Rodgers, J. (2017). Sensory, emotional and cognitive contributions to anxiety in 

autism spectrum disorders. Frontiers in Human Neuroscience, 11, 20. 

https://doi.org/10.3389/fnhum.2017.00020 

Stansfeld, S. A. (1992). Noise, noise sensitivity and psychiatric disorder: Epidemiological and 

psychophysiological studies. Psychological Medicine Monograph Supplement, 22, 1ï44. 

https://doi.org/10.1017/S0264180100001119 

Stansfeld, S. A., & Clark, C. (2019). Mental health effects of noise. In J. Nriagu (Ed.), 

Encyclopedia of Environmental Health (2nd ed., pp. 287ï294). Elsevier. 

https://doi.org/10.1016/B978-0-12-409548-9.11814-7 

Stansfeld, S. A., Clark, C. R., Turpin, G., Jenkins, L. M., & Tarnopolsky, A. (1985). Sensitivity to 

noise in a community sample: II. Measurement of psychophysiological indices. Psychological 

Medicine, 15(2), 255ï263. https://doi.org/10.1017/S0033291700023539 

Stefanelli, A. C. G. F., Zanchetta, S., Furtado, E. F., Stefanelli, A. C. G. F., & Furtado, E. F. 

(2020). Auditory hyper-responsiveness in autism spectrum disorder, terminologies and 

physiological mechanisms involved: Systematic review. CoDAS, 32(3), Article e20180287. 

https://doi.org/10.1590/2317-1782/20192018287 

Steigner, J., & Ruhlin, S. U. (2014). Systematic desensitization of hyperacusis and vocal pitch 

disorder treatment in a patient with autism. The Internet Journal of Allied Health Sciences and 

Practice, 12(1), 1ï6. 

Stiegler, L. N., & Davis, R. (2010). Understanding sound sensitivity in individuals with autism 

spectrum disorders. Focus on Autism and Other Developmental Disabilities, 25(2), 67ï75. 

https://doi.org/10.1177/1088357610364530 

Stolzberg, D., Chrostowski, M., Salvi, R. J., & Allman, B. L. (2012). Intracortical circuits amplify 

sound-evoked activity in primary auditory cortex following systemic injection of salicylate in the 

rat. Journal of Neurophysiology, 108(1), 200ï214. https://doi.org/10.1152/jn.00946.2011 

Strömberg, M., Liman, L., Bang, P., & Igelström, K. (2022). Experiences of Sensory Overload and 

Communication Barriers by Autistic Adults in Health Care Settings. Autism in Adulthood, 4(1), 

66ï75. https://doi.org/10.1089/aut.2020.0074 



55 

   

 

 55 

Suhnan, A. P., Finch, P. M., & Drummond, P. D. (2017). Hyperacusis in chronic pain: Neural 

interactions between the auditory and nociceptive systems. International Journal of Audiology, 

56(11), 801ï809. https://doi.org/10.1080/14992027.2017.1346303 

Sun, W., Deng, A., Jayaram, A., & Gibson, B. (2012). Noise exposure enhances auditory cortex 

responses related to hyperacusis behavior. Brain Research, 1485, 108ï116. 

https://doi.org/10.1016/j.brainres.2012.02.008 

Sun, W., Lu, J., Stolzberg, D., Gray, L., Deng, A., Lobarinas, E., & Salvi, R. J. (2009). Salicylate 

increases the gain of the central auditory system. Neuroscience, 159(1), 325ï334. 

https://doi.org/10.1016/j.neuroscience.2008.12.024 

Suraj, U., Nisha, K. V., & Prabhu, P. (2024). Normal linear and non-linear cochlear mechanisms 

and efferent system functioning in individuals with misophonia. European Archives of Oto-Rhino-

Laryngology, 281(4), 1709ï1716. https://doi.org/10.1007/s00405-023-08273-6 

Swedo, S. E., Baguley, D. M., Denys, D., Dixon, L. J., Erfanian, M., Fioretti, A., Jastreboff, P. J., 

Kumar, S., Rosenthal, M. Z., Rouw, R., Schiller, D., Simner, J., Storch, E. A., Taylor, S., Vander 

Werff, K. R., Altimus, C. M., & Raver, S. M. (2022). Consensus definition of misophonia: A 

delphi study. Frontiers in Neuroscience, 16, Article 841816. 

https://doi.org/10.3389/fnins.2022.841816 

Syu, Y.-C., & Lin, L.-Y. (2018). Sensory overresponsivity, loneliness, and anxiety in taiwanese 

adults with autism spectrum disorder. Occupational Therapy International, 2018, 1ï7. 

https://doi.org/10.1155/2018/9165978 

Talge, N. M., Tudor, B. M., & Kileny, P. R. (2018). Click evoked auditory brainstem responses 

and autism spectrum disorder: A meta analytic review. Autism Research, 11(6), 916ï927. 

https://doi.org/10.1002/aur.1946 

Tamaoki, Y., Pasapula, V., Chandler, C., Borland, M. S., Olajubutu, O. I., Tharakan, L. S., & 

Engineer, C. T. (2024). Degraded inferior colliculus responses to complex sounds in prenatally 

exposed VPA rats. Journal of Neurodevelopmental Disorders, 16(1), Article 2. 

https://doi.org/10.1186/s11689-023-09514-9 

Tavassoli, T., Brandes-Aitken, A., Chu, R., Porter, L., Schoen, S., Miller, L. J., Gerdes, M. R., 

Owen, J., Mukherjee, P., & Marco, E. J. (2019). Sensory over-responsivity: Parent report, direct 

assessment measures, and neural architecture. Molecular Autism, 10(1), Article 4. 

https://doi.org/10.1186/s13229-019-0255-7 

Tavassoli, T., Miller, L. J., Schoen, S. A., Nielsen, D. M., & Baron-Cohen, S. (2014). Sensory 

over-responsivity in adults with autism spectrum conditions. Autism, 18(4), 428ï432. 

https://doi.org/10.1177/1362361313477246 

Taylor, K. S., Kucyi, A., Millar, P. J., Murai, H., Kimmerly, D. S., Morris, B. L., Bradley, T. D., & 

Floras, J. S. (2016). Association between resting-state brain functional connectivity and muscle 

sympathetic burst incidence. Journal of Neurophysiology, 115(2), 662ï673. 

https://doi.org/10.1152/jn.00675.2015 

Thabet, E. M., & Zaghloul, H. S. (2013). Auditory profile and high resolution CT scan in autism 

spectrum disorders children with auditory hypersensitivity. European Archives of Oto-Rhino-

Laryngology, 270(8), 2353ï2358. https://doi.org/10.1007/s00405-013-2482-4 



56 

   

 

 56 

Tharpe, A. M., Bess, F. H., Sladen, D. P., Schissel, H., Couch, S., & Schery, T. (2006). Auditory 

characteristics of children with autism. Ear and Hearing, 27(4), 430ï441. 

https://doi.org/10.1097/01.aud.0000224981.60575.d8 

Timms, S., Lodhi, S., Bruce, J., & Stapleton, E. (2022). Auditory symptoms and autistic spectrum 

disorder: A scoping review and recommendations for future research. Journal of Otology, 17(4), 

239ï246. https://doi.org/10.1016/j.joto.2022.08.004 

Tonarely-Busto, N. A., Phillips, D. A., Saez-Clarke, E., Karlovich, A., Kudryk, K., Lewin, A. B., 

& Ehrenreich-May, J. (2023). Applying the Unified Protocol for Transdiagnostic Treatment of 

Emotional Disorders in Children and Adolescents to misophonia: A case example. Evidence-Based 

Practice in Child and Adolescent Mental Health, 8(1), 133ï147. 

https://doi.org/10.1080/23794925.2022.2025631 

Tovote, P., Fadok, J. P., & Lüthi, A. (2015). Neuronal circuits for fear and anxiety. Nature Reviews 

Neuroscience, 16(6), Article 6. https://doi.org/10.1038/nrn3945 

Toyoshima, M., Sakurai, K., Shimazaki, K., Takeda, Y., Shimoda, Y., & Watanabe, K. (2009). 

Deficiency of neural recognition molecule NB-2 affects the development of glutamatergic auditory 

pathways from the ventral cochlear nucleus to the superior olivary complex in mouse. 

Developmental Biology, 336(2), 192ï200. https://doi.org/10.1016/j.ydbio.2009.09.043 

Trakoshis, S., Martínez-Cañada, P., Rocchi, F., Canella, C., You, W., Chakrabarti, B., Ruigrok, A. 

N. V., Bullmore, E. T., Suckling, J., Markicevic, M., Zerbi, V., Consortium, M. A., Baron-Cohen, 

S., Panzeri, S., Gozzi, A., Lai, M.-C., & Lombardo, M. V. (2020). Intrinsic excitation-inhibition 

imbalance affects medial prefrontal cortex differently in autistic men versus women. bioRxiv, 

2020.01.16.909531. https://doi.org/10.1101/2020.01.16.909531 

Tyler, R. S., Pienkowski, M., Roncancio, E. R., Jun, H. J., Brozoski, T., Dauman, N., Coelho, C. 

B., Andersson, G., Keiner, A. J., Cacace, A. T., Martin, N., & Moore, B. C. J. (2014). A review of 

hyperacusis and future directions: Part I. Definitions and manifestations. American Journal of 

Audiology, 23(4), 402ï419. https://doi.org/10.1044/2014_AJA-14-0010 

Uddin, L. Q. (2015). Salience processing and insular cortical function and dysfunction. Nature 

Reviews Neuroscience, 16(1), 55ï61. https://doi.org/10.1038/nrn3857 

Uljareviĺ, M., Baranek, G., Vivanti, G., Hedley, D., Hudry, K., & Lane, A. (2017). Heterogeneity 

of sensory features in autism spectrum disorder: Challenges and perspectives for future research. 

Autism Research, 10(5), 703ï710. https://doi.org/10.1002/aur.1747 

Uppenkamp, S., & Röhl, M. (2014). Human auditory neuroimaging of intensity and loudness. 

Hearing Research, 307, 65ï73. https://doi.org/10.1016/j.heares.2013.08.005 

Van de Cruys, S., Evers, K., Van der Hallen, R., Van Eylen, L., Boets, B., de-Wit, L., & 

Wagemans, J. (2014). Precise minds in uncertain worlds: Predictive coding in autism. 

Psychological Review, 121(4), 649ï675. https://doi.org/10.1037/a0037665 

Van Hulle, C. A., Schmidt, N. L., & Goldsmith, H. H. (2012). Is sensory over-responsivity 

distinguishable from childhood behavior problems? A phenotypic and genetic analysis. Journal of 

Child Psychology and Psychiatry, 53(1), 64ï72. https://doi.org/10.1111/j.1469-7610.2011.02432.x 

van Kamp, I., Job, R. F. S., Hatfield, J., Haines, M., Stellato, R. K., & Stansfeld, S. A. (2004). The 

role of noise sensitivity in the noise-response relation: A comparison of three international airport 



57 

   

 

 57 

studies. The Journal of the Acoustical Society of America, 116(6), 3471ï3479. 

https://doi.org/10.1121/1.1810291 

Vasa, R. A., Keefer, A., McDonald, R. G., Hunsche, M. C., & Kerns, C. M. (2020). A scoping 

review of anxiety in young children with autism spectrum disorder. Autism Research, 13(12), 

2038ï2057. https://doi.org/10.1002/aur.2395 

Viinikainen, M., Kätsyri, J., & Sams, M. (2012). Representation of perceived sound valence in the 

human brain. Human Brain Mapping, 33(10), 2295ï2305. https://doi.org/10.1002/hbm.21362 

Vingen, J. V., Pareja, J., Støren, O., White, L., & Stovner, L. (1998). Phonophobia in migraine. 

Cephalalgia, 18(5), 243ï249. https://doi.org/10.1111/j.1468-2982.1998.1805243.x 

Viziano, A., Micarelli, A., & Alessandrini, M. (2017). Noise sensitivity and hyperacusis in patients 

affected by multiple chemical sensitivity. International Archives of Occupational and 

Environmental Health, 90(2), 189ï196. https://doi.org/10.1007/s00420-016-1185-8 

Volkmar, F. R., & Cohen, D. J. (1985). The experience of infantile autism: A first-person account 

by Tony W. Journal of Autism and Developmental Disorders, 15(1), 47ï54. 

https://doi.org/10.1007/BF01837898 

von der Lühe, T., Manera, V., Barisic, I., Becchio, C., Vogeley, K., & Schilbach, L. (2016). 

Interpersonal predictive coding, not action perception, is impaired in autism. Philosophical 

Transactions of the Royal Society B: Biological Sciences, 371(1693), Article 20150373. 

https://doi.org/10.1098/rstb.2015.0373 

Ward, B. K., Carey, J. P., & Minor, L. B. (2017). Superior Canal Dehiscence Syndrome: Lessons 

from the First 20 Years. Frontiers in Neurology, 8, Article 177. 

https://doi.org/10.3389/fneur.2017.00177 

Ward, J. (2019). Individual differences in sensory sensitivity: A synthesizing framework and 

evidence from normal variation and developmental conditions. Cognitive Neuroscience, 10(3), 

139ï157. https://doi.org/10.1080/17588928.2018.1557131 

Watts, S. J., Rodgers, J., & Riby, D. (2016). A systematic review of the evidence for 

hyporesponsivity in ASD. Review Journal of Autism and Developmental Disorders, 3(4), 286ï301. 

https://doi.org/10.1007/s40489-016-0084-y 

Weitlauf, A. S., Sathe, N., McPheeters, M. L., & Warren, Z. E. (2017). Interventions targeting 

sensory challenges in autism spectrum disorder: A systematic review. Pediatrics, 139(6), 

e20170347. https://doi.org/10.1542/peds.2017-0347 

Wen, T. H., Afroz, S., Reinhard, S. M., Palacios, A. R., Tapia, K., Binder, D. K., Razak, K. A., & 

Ethell, I. M. (2018). Genetic reduction of matrix metalloproteinase-9 promotes formation of 

perineuronal nets around parvalbumin-expressing interneurons and normalizes auditory cortex 

responses in developing Fmr1 knock-out mice. Cerebral Cortex, 28(11), 3951ï3964. 

https://doi.org/10.1093/cercor/bhx258 

Wigham, S., Rodgers, J., South, M., McConachie, H., & Freeston, M. (2015). The interplay 

between sensory processing abnormalities, intolerance of uncertainty, anxiety and restricted and 
repetitive behaviours in autism spectrum disorder. Journal of Autism and Developmental 

Disorders, 45(4), 943ï952. https://doi.org/10.1007/s10803-014-2248-x 



58 

   

 

 58 

Wilde, M., Constantin, L., Thorne, P. R., Montgomery, J. M., Scott, E. K., & Cheyne, J. E. (2022). 

Auditory processing in rodent models of autism: A systematic review. Journal of 

Neurodevelopmental Disorders, 14(1), Article 48. https://doi.org/10.1186/s11689-022-09458-6 

Williams, Z. J., Abdelmessih, P. G., Key, A. P., & Woynaroski, T. G. (2021). Cortical auditory 

processing of simple stimuli is altered in autism: A meta-analysis of auditory evoked responses. 

Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 6(8), 767ï781. 

https://doi.org/10.1016/j.bpsc.2020.09.011 

Williams, Z. J., Cascio, C. J., & Woynaroski, T. G. (2022). Psychometric validation of a brief self-

report measure of misophonia symptoms and functional impairment: The duke-vanderbilt 

misophonia screening questionnaire. Frontiers in Psychology, 13, Article 897901. 

https://doi.org/10.3389/fpsyg.2022.897901 

Williams, Z. J., Failla, M. D., Gotham, K. O., Woynaroski, T. G., & Cascio, C. (2018). 

Psychometric evaluation of the Short Sensory Profile in youth with autism spectrum disorder. 

Journal of Autism and Developmental Disorders, 48(12), 4231ï4249. 

https://doi.org/10.1007/s10803-018-3678-7 

Williams, Z. J., Schaaf, R., Ausderau, K. K., Baranek, G. T., Barrett, D. J., Cascio, C. J., Dumont, 

R. L., Eyoh, E. E., Failla, M. D., Feldman, J. I., Foss-Feig, J. H., Green, H. L., Green, S. A., He, J. 

L., Kaplan-Kahn, E. A., Keçeli-Kaysēlē, B., MacLennan, K., Mailloux, Z., Marco, E. J., é 

Woynaroski, T. G. (2023). Examining the latent structure and correlates of sensory reactivity in 

autism: A multi-site integrative data analysis by the autism sensory research consortium. Molecular 

Autism, 14(1), Article 31. https://doi.org/10.1186/s13229-023-00563-4 

Williams, Z. J., Suzman, E., & Woynaroski, T. G. (2021a). A Phenotypic Comparison of Loudness 

and Pain Hyperacusis: Symptoms, Comorbidity, and Associated Features in a Multinational Patient 

Registry. American Journal of Audiology, 30(2), 341ï358. https://doi.org/10.1044/2021_AJA-20-

00209 

Williams, Z. J., Suzman, E., & Woynaroski, T. G. (2021b). Prevalence of decreased sound 

tolerance (hyperacusis) in individuals with autism spectrum disorder: A meta-analysis. Ear and 

Hearing, 42(5), 1137ï1150. https://doi.org/10.1097/AUD.0000000000001005 

Wilson, U. S., Sadler, K. M., Hancock, K. E., Guinan, J. J., & Lichtenhan, J. T. (2017). Efferent 

inhibition strength is a physiological correlate of hyperacusis in children with autism spectrum 

disorder. Journal of Neurophysiology, 118(2), 1164ï1172. https://doi.org/10.1152/jn.00142.2017 

Wong, E., Radziwon, K., Chen, G.-D., Liu, X., Manno, F. A. M., Manno, S. H. C., Auerbach, B., 

Wu, E. X., Salvi, R., & Lau, C. (2020). Functional magnetic resonance imaging of enhanced 

central auditory gain and electrophysiological correlates in a behavioral model of hyperacusis. 

Hearing Research, 389, 107908. https://doi.org/10.1016/j.heares.2020.107908 

Wood, J. J., & Gadow, K. D. (2010). Exploring the nature and function of anxiety in youth with 

autism spectrum disorders. Clinical Psychology: Science and Practice, 17(4), 281ï292. 

https://doi.org/10.1111/j.1468-2850.2010.01220.x 

Wood, M. B., Nowak, N., & Fuchs, P. A. (2024). Damage-evoked signals in cochlear neurons and 

supporting cells. Frontiers in Neurology, 15, Article 1361747. 

https://doi.org/10.3389/fneur.2024.1361747 



59 

   

 

 59 

World Health Organization. (2021). International Statistical Classification of Diseases and Related 
Health Problems (ICD-11) (11th ed.). World Health Organization. https://icd.who.int/ (Original 

work published 2019) 

Wu, M. S., Lewin, A. B., Murphy, T. K., & Storch, E. A. (2014). Misophonia: Incidence, 

phenomenology, and clinical correlates in an undergraduate student sample. Journal of Clinical 

Psychology, 70(10), 994ï1007. https://doi.org/10.1002/jclp.22098 

Zentall, S. S., & Shaw, J. H. (1980). Effects of classroom noise on performance and activity of 

second-grade hyperactive and control children. Journal of Educational Psychology, 72(6), 830ï

840. https://doi.org/10.1037/0022-0663.72.6.830 

Zimmerman, R., Patel, R., Smith, A., Pasos, J., & Kulesza, R. J. (2018). Repeated prenatal 

exposure to valproic acid results in auditory brainstem hypoplasia and reduced calcium binding 

protein immunolabeling. Neuroscience, 377, 53ï68. 

https://doi.org/10.1016/j.neuroscience.2018.02.030 

Zimmerman, R., Smith, A., Fech, T., Mansour, Y., & Kulesza, R. J. (2020). In utero exposure to 

valproic acid disrupts ascending projections to the central nucleus of the inferior colliculus from 

the auditory brainstem. Experimental Brain Research, 238(3), 551ï563. 

https://doi.org/10.1007/s00221-020-05729-7 



60 

 

60 

2 CHAPTER 2 

 

Decreased Sound Tolerance Disorders (Hyperacusis and Misophonia) in Cognitively Able 

Autistic Adults I: Prevalence and Clinical Features 

 

2.1 Background 

Autistic individuals frequently find aspects of their sensory environment that do not bother most 

people to be very difficult to tolerate, and since the publication of the Diagnostic and Statistical Manual of 

Mental Disorders, Fifth Edition (DSM-5; American Psychiatric Association, 2013), hyperreactivity to 

sensory stimuli has been among the core diagnostic criteria for autism. Sensory hyperreactivity can occur 

across all sensory modalities (e.g., vision, hearing, touch, taste), appears unrelated to intellectual functioning 

(Williams, Schaaf, et al., 2023), and remains present into adulthood (van den Boogert et al., 2022). Moreover, 

many in the adult autistic community appear very invested in addressing or even developing effective 

interventions for sensory hyperreactivity, as it constitutes a salient correlate of reduced quality of life for 

many autistic adults (Lin & Huang, 2019), as well as a substantial contributor to distress and impairment in 

their daily lives (Sibeoni et al., 2022). Given its association with significant disability and acceptability as a 

treatment target by much of the autistic community, this domain of autism features constitutes one of the 

primary areas where the implementation of ñneurodiversity-affirmative biomedical researchò (i.e., 

community-informed basic/translational science informing targeted biomedical intervention development; 

Heraty et al., 2023) could provide immense benefit to autistic individuals. 

Among the varying types of sensory hyperreactivity observed in autism, hyperreactivity to auditory 

stimuli, hereafter referred to as decreased sound tolerance (DST; Williams, He, et al., 2021), is among the 

most common and debilitating. A previous meta-analysis by our group (Williams, Suzman, et al., 2021b) 

estimated that approximately 50ï70% of autistic people experience some sort of clinically significant DST 

in their lifetime, with current prevalence rates varying by age and seeming to decrease slightly over time, 

consistent with findings in a later longitudinal study (Courchesne et al., 2021). The prominence of DST, 

particularly the subtype of hyperacusis, in autism is well-known, and an abundance of review articles have 

been published on the topic in recent years (Danesh et al., 2021; Gonçalves & Monteiro, 2023; Poulsen et 

al., 2024; Sato, 2022; Stefanelli et al., 2020; Stiegler & Davis, 2010; Timms et al., 2022; Williams, He, et al., 

2021) describing clinical characteristics, impacts on functioning, management strategies, putative correlates, 

and hypothesized mechanisms. However, despite growing interest in the topic, empirical research on autism 

and DST is extremely limited in scope and breadth, and many foundational questions about the nature of 

DST in autism (as well as methodological questions about how best to define, operationalize, and study it) 
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remain to be investigated.  

Notably, DST is not actually a unitary construct (Henry et al., 2022; Jastreboff & Jastreboff, 2015; 

Williams, He, et al., 2021), despite often being treated as one in the context of autism research (Williams, 

He, et al., 2021). In widely-accepted frameworks (Henry et al., 2022; Jastreboff & Jastreboff, 2015; Williams, 

2022; Williams, He, et al., 2021), the taxonomy of DST disorders includes at least three major conditions, of 

which two (hyperacusis and misophonia) have been most frequently studied (Jacquemin et al., 2024). 

Hyperacusis is a disorder in which moderate-intensity sounds that are thought of as innocuous by most are 

perceived as excessively loud, distressing, or causing physical pain (Coey & De Jesus, 2024; Fackrell et al., 

2019; Henry et al., 2022); there is some evidence that ñpain hyperacusisò (in which everyday sounds 

frequently cause sensations of ear/head pain) may represent a distinct condition or subtype (Salvi et al., 2022; 

Tyler et al., 2014; Williams, Suzman, et al., 2021a). Misophonia is another disorder of sound tolerance in 

which individuals have excessive and inappropriate emotional responses such as anger, extreme irritation, or 

disgust in response to specific ñtriggerò sounds (e.g., chewing, tapping, sniffling; Brout et al., 2018; Palumbo 

et al., 2018; Swedo et al., 2022), although unlike in hyperacusis, the strength of these reactions is unrelated 

to volume and instead primarily dependent on whether the source of the sound can be identified (Savard et 

al., 2022). Compounding this issue, most work on DST in autism is based on caregiver reports of their (often 

young or minimally speaking) childôs aversion to sounds, and behavioral indicators of DST such as covering 

oneôs ears or physically distancing oneself from a sound source could theoretically be indicators of multiple 

DST subtypes.  

Given the potential conflation of DST subtypes, much of the literature regarding DST phenotypes 

and correlates in autism is difficult to interpret, and it leaves the fieldôs phenomenological understanding of 

DST-related experiences in autistic individuals much more impoverished than previously realized (although 

see recent work by Scheerer et al. (2022, 2024) for notable exceptions that have adopted the multiple-disorder 

framework). Additionally, due to the lack of empirical studies examining DST at the level of its constituent 

disorders in the autistic population, we currently know little about (a) whether and how these disorders differ 

phenotypically or mechanistically from analogous DST disorders in non-autistic individuals (Williams, He, 

et al., 2021; Williams, Barrett, et al., 2022), (b) whether there is a strong comorbidity between DST disorders 

in autistic individuals (for which evidence is mixed in the non-autistic population; Aazh et al., 2022; 

Andermane et al., 2023; Brennan et al., 2023; Jager et al., 2020; Siepsiak et al., 2022), and (c) whether the 

categorical labels of specific DST disorders (i.e., a hyperacusis or misophonia ñdiagnosisò) would be useful 

in parsing the heterogeneity in clinical outcomes for autistic individuals after accounting for more frequently-

assessed individual differences.  

The present study begins to fill some of these gaps in the literature by conducting an initial large-

scale survey of a group of autistic individuals capable of easily self-reporting on their experiences of DST 
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(i.e., cognitively and linguistically able adults), which can then be used as a starting place for 

phenomenological inquiry into more difficult-to-assess populations, such as autistic children and individuals 

with co-occurring cognitive/language impairments. By leveraging a large online sample of legally 

independent autistic adults, the current study sought to accomplish the following goals:  

¶ Investigate self-reported symptoms of multiple DST disorders (hyperacusis and misophonia) and 

their dimensional associations in the adult autistic population. 

¶ Estimate the prevalence of categorical ñclinically significant hyperacusisò and ñclinically significant 

misophoniaò in autistic adults, as well as their co-occurrence with each other, tinnitus, and hearing 

loss. 

¶ Describe the salient clinical features of hyperacusis and misophonia as they present in the autistic 

population.  

This study is presented in two parts, with the current chapter focusing exclusively on DST prevalence and 

clinical features and a second portion (Chapter 3) focusing on the demographic and clinical correlates of 

hyperacusis and misophonia in the current sample.  

2.2 Methods 

2.2.1 Participants 

Independent autistic adults above the age of 18 years (all of whom were their own legal guardians, 

and all of whom self-reported professional diagnoses of DSM-5 autism spectrum disorder or equivalent 

previously-used diagnoses such as Aspergerôs disorder) were recruited during Spring 2021 from the Simons 

Foundation Powering Autism Research for Knowledge (SPARK)(The SPARK Consortium, 2018) cohort 

using the SPARK Research Match service (Project No. RM0111Woynaroski_DST). Of note, authors ZJW 

and TGW are SPARK participants, and they and their families were excluded a priori from study 

participation. Importantly for the assessment of DST prevalence, the study was not advertised as a specific 

study of hearing disorders or ñsound sensitivityò and was instead given a vague title (ñInvestigating 

Relationships Between Sensory Sensitivities, Health, and Quality of Life in Autistic Adultsò) to ideally appeal 

to a wider range of autistic adult participants. Notably, the validity of self-reported diagnoses in the SPARK 

cohort is high (Fombonne et al., 2022). Although we did not independently assess whether adults in the 

current cohort had current or historical diagnoses of intellectual disability, SPARK records indicated that for 

those with data on the variable indicating ñIntellectual disability, cognitive impairment, global developmental 

delay, or borderline intellectual functioningò (an even broader category than intellectual disability; data 

available for 92.3% of current sample), only 4.97% of individuals reported a positive history of any of these 

conditions. Thus, combined with prior work in a similar SPARK cohort suggesting that over 95% of 

independent adults do not report prior diagnoses of intellectual disability (Williams, Everaert, et al., 2021), 
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it is reasonable to assume that most autistic adults in the current sample lacked intellectual impairment. Due 

to DST being dependent on the audibility of the sound stimulus, individuals with self-reported cochlear 

implants (as a proxy for severe/profound hearing loss) were excluded from the sample, but we still allowed 

individuals with mild or moderate hearing loss to participate in the study. Notably, a very small minority of 

participants (n=28; 2.99% of the final sample) reported using hearing aids, and hearing aid status was not 

significantly related to hyperacusis or misophonia classification. 

Participants completed a series of online surveys assessing demographics; medical, audiological, and 

psychiatric history; core features of autism; DST symptoms; co-occurring psychopathology; somatic 

symptom burden; and quality of life. Participants received a $10 USD Amazon gift code for the completion 

of all surveys. A total of 1271 individuals consented to participate in the study, 936of whom were included 

in the current analyses (894 with no missing data). Data underwent rigorous quality checks, and survey 

participants were excluded from analyses if they: (a) met the SPARK definition of a possibly invalid autism 

diagnosis (e.g., age of diagnosis reportedly below 1 year of age; diagnosis rescinded by a 

professional; n = 134), (b) did not self-report a professional diagnosis of autism on the study-specific 

demographics form (n = 45), (c) reported demographic variables (e.g., age, sex at birth, receipt of special 

education services in childhood) that were inconsistent with those originally reported to SPARK (n = 34), (d) 

reported the use of a cochlear implant (n = 3), or (e) endorsed a professional diagnosis of either Alzheimerôs 

disease or dissociative identity disorder on two ñinfrequencyò questions within the psychiatric history 

(indicating either careless/random responding or a true diagnosis that could compromise the validity of self-

report; n = 23). In addition, individuals who dropped out of the study before completing all relevant DST 

questionnaires (n =108) were not included in the current analyses. All participants gave informed consent, 

and all study procedures were approved by the institutional review board at Vanderbilt University Medical 

Center. 

2.2.2 Measures 

2.2.2.1 Hearing and Sound Tolerance Disorder Diagnosis Operationalization 

As DST disorders have no consensus diagnostic criteria or widely-accepted ñgold standardò for 

diagnosis, our research group developed a set of operational diagnostic criteria for hyperacusis, misophonia, 

and phonophobia, which have been published previously (Williams, 2022). Instead of individuals self-

reporting previous clinical diagnoses, which are rarely given for DST conditions in the autistic population, 

or self-identifying whether they met the criteria for a disorder based on a vignette or description, we opted to 

operationalize ñclinically-significant hyperacusisò and ñclinically-significant misophoniaò status based on 

individual responses to survey questions that we felt could satisfy each of the individual diagnostic criteria 

listed (see Table 2.1 for full item text, source surveys, and endorsement frequencies). Participants were not 
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categorized into similar binary groups for the related DST condition of phonophobia (a specific phobia of 

sound, often secondary to other DST conditions; Henry et al., 2022; Jacquemin et al., 2024) due to an inability 

to operationalize the key diagnostic criterion that an individualôs fear or anxiety be ñout of proportion to the 

actual danger caused by the specific sound or situation (including the potential to provoke other symptoms 

such as hyperacusis pain)ò (Williams, 2022, p. 3). Thus, only the DST disorders of hyperacusis and 

misophonia were assessed categorically in the current study.  

Hyperacusis was screened for using questions adapted from (a) the single-question 

operationalization of the condition in the 2014 National Health Interview Survey (NHIS; Zelaya et al., 2015): 

ñSome people are bothered by everyday sounds or noises that don't bother most people. Do everyday sounds, 

such as from a hair dryer, vacuum cleaner, lawnmower, or siren, seem too loud or painful to you?", and (b) 

the single hyperacusis screening item from the European School for Interdisciplinary Tinnitus Research 

Screening Questionnaire (ESIT-SQ; Genitsaridi et al., 2019): ñOver the last month, have external sounds 

been a problem, being too loud, uncomfortable, or painful for you when they seemed normal to others around 

you?ò Item scores from one of the dimensional DST questionnaires explored in Chapter 3 [the Inventory of 

Hyperacusis Symptoms (IHS; Aazh et al., 2021; Greenberg & Carlos, 2018) and a newly-written item asking 

about the frequency of sound-induced pain over the past year (based on a previous question analyzed in a 

phenotypic study of pain hyperacusis (Williams, Suzman, et al., 2021a)] were also included in the hyperacusis 

ñcasenessò algorithm. In order to be classified as having clinically-significant hyperacusis, autistic adults in 

the current study were required to meet four operational criteria of (a) endorsing the NHIS-like hyperacusis 

screening question, (b) clinically significant amounts of loudness intolerance and/or sound-induced pain, (c) 

difficulty being in loud places, and (d) associated impairment (Table 2.1). Criteria of the algorithm (e.g., 

criterion b. ñclinically significant loudness intolerance or sound-induced painò) were mapped to certain 

response options of the IHSor another measure (e.g., ñCompared to most people, common everyday sounds 

seem excessively loud to meò [hyperacusis response: ñVery much soò]; ñSound can cause me pain and/or 

physical discomfortò [hyperacusis responses: ñSomewhatò / ñVery much soò]) based on their theoretical 

correspondence to clinical severity. Additionally, a subset of the individuals who were classified as having 

hyperacusis were further classified as having ñpain hyperacusisò if they reported experiencing sound-induced 

pain more days than not (i.e., at least 4 times per week).  

Misophonia status was ascertained in the sample using the Duke-Vanderbilt Misophonia Screening 

Questionnaire (DVMSQ; Williams, Cascio, et al., 2022), a questionnaire developed by our research group 

that has been previously published and found to be invariant in its latent structure between autistic and non- 

autistic individuals. The DVMSQ includes a theory-based diagnostic algorithm, based on the misophonia 

consensus definition (Swedo et al., 2022) and our groupôs criteria for misophonia (Williams, 2022), which 

can be operationalized using a combination of DVMSQ questionnaire items (Williams, Cascio, et al., 2022).  
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Table 2.1: Criteria and Questions Used to Operationalize Hyperacusis and Misophonia Caseness 

 

 Hyperacusis Criteria 
 

 

Criterion  Item [answers constituting endorsement] 
Source 

Measure 

Percent 

Endorsing 

Screening 

[loudness OR pain from 

everyday sounds] 

Some people are bothered by everyday sounds or noises that don't bother most 

people. Do everyday sounds, such as from a hair dryer, vacuum cleaner, 

lawnmower, or siren, seem too loud or painful to you? [ñYesò] 

NHIS 

[Adapted] 
70.4% 

Clinically significant loudness 

OR pain 

Compared to most people, common everyday sounds seem excessively loud to 

me: [ñVery much soò] 
IHS 23.6% 

Sound can cause me pain and/or physical discomfort: [ñSomewhatò / ñVery 

much soò] 
IHS 53.5% 

 Over the past twelve (12) months, on average, approximately how often have 

you experienced physical pain in one or both ears as a result of sounds in your 

environment? [ñOne to three times per weekò / ñFour to seven times per weekò 

/ ñTwo to five times per dayò / ñSix or more times per dayò] 

Novel 20.7% 

Avoidance of loud places 
I find the challenges of being exposed to loud sounds can make it difficult to be 

in loud places: [ñSomewhatò / ñVery much soò] 
IHS 75.1% 

Hyperacusis-related 

impairment 

Over the last month, have external sounds been a problem, being too loud, 

uncomfortable, or painful for you when they seemed normal to others around 

you? [ñYes, a moderate problemò / ñYes, a big problemò / ñYes, a very big 

problemò] 

ESIT-SQ 

[Adapted] 
51.5% 

 Misophonia Criteria    

Criterion  Item [answers constituting endorsement]  
Percent 

Endorsing 

Screening 

[one or more trigger sounds] 

Are there specific sounds that you are extremely bothered by, even if they are 

not loud? Examples include: chewing, slurping, crunching, throat clearing, 

finger tapping, foot shuffling, keyboard tapping, rustling, nasal sounds, pen 

clicking, appliance humming, clock ticking, and animal sounds. [ñYesò] 

 

DVMSQ 69.1% 

Disproportionate feelings of 

irritation, anger/rage, or disgust 

When you are exposed to the bothersome sounds listed above, how often do 

you experience... Intense feelings of irritation or annoyance? [ñOftenò / ñVery 

oftenò] 
DVMSQ 56.0% 

When you are exposed to the bothersome sounds listed above, how often do 

you experience... Feelings of anger or rage? [ñOftenò / ñVery oftenò] 
DVMSQ 25.2% 

When you are exposed to the bothersome sounds listed above, how often do 

you experience... Feelings of disgust? [ñOftenò / ñVery oftenò] 
DVMSQ 27.1% 

Avoidance of triggers, or 

endurance with intense 

discomfort 

How often do you avoid situations where you may potentially hear these 

bothersome sounds? [ñSometimesò / ñOftenò / ñVery oftenò] 
DVMSQ 58.7% 

When you are exposed to the bothersome sounds listed above, how often do 

you experience... Urges to cover your ears or block out the sound in some 

other way? [ñOftenò / ñVery oftenò] 
DVMSQ 53.8% 

When you are exposed to the bothersome sounds listed above, how often do 

you experience... Urges to run away from the sound? [ñOftenò / ñVery oftenò] 
DVMSQ 

44.1% 

 

Loss of Behavioral Control 

When you are exposed to the bothersome sounds listed above, how often do 

you experience... Feeling like you cannot control your response to the sound? 

[ñSometimesò / ñOftenò / ñVery oftenò] 
DVMSQ 49.1% 

When you are exposed to the bothersome sounds listed above, how often do 

you experience... Urges to lash out violently at the person or object making the 

sound? [ñSometimesò / ñOftenò / ñVery oftenò] 
DVMSQ 30.6% 
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Misophonia-related impairment 

[Requires at least two of seven 

items to be endorsed] 

In the past 7 days, how much did your sound sensitivities interfere with... Your 

ability to interact with other people? [ñA moderate amountò / ñVery muchò / 

ñAn extreme amountò] 
DVMSQ 29.3% 

In the past 7 days, how much did your sound sensitivities interfere with... Your 

ability to be productive at work or school? [ñA moderate amountò / ñVery 

muchò / ñAn extreme amountò] 
DVMSQ 25.6% 

In the past 7 days, how much did your sound sensitivities interfere with... Your 

ability to take care of your household responsibilities? [ñA moderate amountò 

/ ñVery muchò / ñAn extreme amountò] 
DVMSQ 22.9% 

In the past 7 days, how much did your sound sensitivities interfere with... Your 

ability to participate in community activities (for example, festivities, religious, 

or other activities)? [ñA moderate amountò / ñVery muchò / ñAn extreme 

amountò] 

DVMSQ 24.7% 

To what degree have your sound sensitivities negatively impacted your mental 

or emotional health? [ñA moderate amountò / ñVery muchò / ñAn extreme 

amountò] 
DVMSQ 41.7% 

To what degree do you believe that your sound sensitivities have created 

problems for you? [ñA moderate amountò / ñVery muchò / ñAn extreme 

amountò] 
DVMSQ 43.4% 

To what degree do you believe that your sound sensitivities have made your 

entire life worse? [ñA moderate amountò / ñVery muchò / ñAn extreme 

amountò] 
DVMSQ 31.5% 

Note. ñNovelò indicates a newly written item. NHIS = 2014 National Health Interview Survey (Zelaya et al., 

2015); ESIT-SQ = European School for Interdisciplinary Tinnitus Research Screening Questionnaire (Genitsaridi 

et al., 2019); IHS = Inventory of Hyperacusis Symptoms (Aazh et al., 2021; Greenberg & Carlos, 2018); DVMSQ 

= Duke-Vanderbilt Misophonia Screening Questionnaire (Williams, Cascio, et al., 2022). Non-adapted 

questionnaire items are reprinted with permission from the copyright holders. 
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Individuals meeting DVMSQ screening criteria for ñclinical misophoniaò were categorized as such in the 

current study (see Table 2.1 for individual items and endorsement frequencies).  

An additional condition of interest for the current investigation was tinnitus, which is commonly 

comorbid with many forms of DST, particularly hyperacusis (Cederroth et al., 2020; Tyler et al., 2014). To 

assess whether an individual met criteria for tinnitus, we used the single-item tinnitus screening question 

from the ESIT-SQ: ñTinnitus refers to the perception of noise in your head or ears (such as ringing or 

buzzing) in the absence of any corresponding source of sound external to your head. Over the past year, have 

you had tinnitus in your head or in one or both ears that lasts for more than five minutes at a time?ò 

Responses indicating episodic or chronic tinnitus in the past year (lasting more than 5 minutes at a time or 

longer) were used to classify an individual as meeting criteria for tinnitus. Furthermore, we sought to 

determine which subset of autistic individuals with tinnitus met criteria for tinnitus disorder (i.e., tinnitus 

that is associated with emotional distress, cognitive dysfunction, and/or autonomic arousal, leading to 

behavioral changes and functional disability; De Ridder et al., 2021). To define tinnitus disorder, we 

administered individuals meeting criteria for tinnitus the Tinnitus Handicap InventoryïScreening Version 

(THI-S; Newman et al., 2008); individuals scoring Ó6 on this measure (the recommended cutoff on the THI-

S for clinically significant tinnitus) were classified as having tinnitus disorder. 

Lastly, as hyperacusis is also frequently associated with some hearing loss in the general population 

(Sheldrake et al., 2015), participants reported hearing loss status using previous diagnoses of any of the 

following: ñpresbycusis,ò ñsudden sensorineural hearing loss,ò ñother hearing loss,ò or ñM®ni¯re's diseaseò. 

A selection of any of the aforementioned conditions was sufficient to classify an individual as meeting case 

criteria for hearing loss in the current study.  

2.2.2.2 Measures of DST Symptoms and Clinical Features 

As part of the study survey, participants completed multiple previously developed and 

psychometrically tested self-report measures of DST symptomatology, including the Inventory of 

Hyperacusis Symptoms (IHS; Aazh et al., 2021; Greenberg & Carlos, 2018), Duke-Vanderbilt Misophonia 

Screening Questionnaire (Williams, Cascio, et al., 2022), Duke Misophonia Questionnaire (DMQ; Rosenthal 

et al., 2021), and DSM-5 Specific Phobia Severity ScaleïModified for Phonophobia (DSM-Phono; Williams, 

2021). With the exception of the DMQ (which was presented in a modified form (Williams, Cascio, et al., 

2022)), additional information about these measures (and the remaining measures assessing clinical 

correlates) can be found in Chapter 3, in which those instruments are analyzed dimensionally in the same 

sample described here. In the present study, individual items from the DVMSQ and DMQ were incorporated 

into the analysis of the clinical features of misophonia (for additional detail, see section 2.2.3.1). 
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2.2.2.2.1 Duke Misophonia Questionnaire (DMQ) 

The Duke Misophonia Questionnaire (DMQ; Rosenthal et al., 2021) is an 86-item modular self-

report questionnaire that assesses a large number of misophonia-related constructs (i.e., specific triggers, 

trigger frequency, symptoms in response to misophonic triggers [affective, physical, cognitive], specific 

coping strategies [before, during, and after being triggered], misophonia-related impairment, and 

dysfunctional beliefs about misophonia). This measure was rigorously developed using a stakeholder-

informed design to generate a comprehensive item pool, and a preliminary psychometric study has 

established the latent structure, reliability, and convergent validity of the DMQ subscales in a sample of 

general-population adults (Rosenthal et al., 2021), although it has not been formally evaluated 

psychometrically in the autistic population. To reduce participant burden, the current study administered an 

abbreviated version of the DMQ (Williams, Cascio, et al., 2022) that included: (a) the trigger list (16 Yes/No 

items, including a ñnone of the aboveò option), (b) the ñfrequency of being triggeredò item (6-point Likert 

scale from 1=ñOnce per month or lessò to 6=ñ6 or more times per dayò), (c) a novel ñglobal impairmentò 

item (ñPlease rate the overall impact of ALL bothersome sounds on your life over the past month.ò) that was 

rated on a visual analog scale (VAS) ranging from 0=ñNo Effectò to 100=ñExtreme Effectò [presented after 

the ñFrequencyò item], (d) the 23 DMQ symptom scale (DMQ-SS) items (5 affective, 8 physiological, 10 

cognitive; rated on a 5-point Likert scale from 0=ñNot at allò to 4=ñAlways/Almost alwaysò), and (e) the 

DMQ Impairment Scale (DMQ-IMP; 12 items). Two summary scores from the DMQ were derived in the 

current study: the total number of triggers (range 0ï15) and the DMQ-IMP total score (12 items; range 0ï4 

[mean item score]; current sample [Cronbachôs] Ŭ=0.955). Remaining items were included for 

descriptive/item-level analyses only. Notably, the DMQ-IMP total score allows individuals to be categorized 

into ñmisophonia impairment categoriesò based on level of reported impairment (Rosenthal et al., 2021)ð

0=ñnoneò (includes individuals who did not endorse any triggers on the DMQ and, therefore, did not 

complete the remainder of the questionnaire] 0.01ï1.08=ñminimalïmildò; 1.09ï3.17=ñmoderateò; 3.18ï

4.00=ñsevereòðwhich were also described in the current study for individuals meting DVMSQ misophonia 

criteria.  

2.2.2.2.2 Ad-hoc Clinical History Questionnaire 

In addition to the validated measures of DST symptoms, we asked participants a number of newly 

written survey questions designed to assess their first-person experiences of DST, primarily hyperacusis (e.g., 

associated symptoms, onset, functional impact). These questions were presented together with the 

demographics form and relevant questions about medical/psychiatric history as a combined ñDemographics 

and Health History Form.ò Although several of these novel questions were analyzed in a structured manner 

(e.g., those used to help determine hyperacusis caseness), the majority of questions were only analyzed 
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descriptively. See Supplemental Table 2.4 for content and response options of the ad-hoc questions analyzed 

in the present study. 

2.2.3 Data Analysis 

All statistical analyses were conducted in the R statistical computing environment, version 4.3.0 (R 

Core Team, 2023), with many of the models based on functions from the openly-available ZPack.Bayes 

collection of functions written by the first author (Williams, 2024). 

2.2.3.1 Descriptive Analyses 

We first described the sample in terms of self-reported demographics, as well as several clinical 

background variables of interest (e.g., self-reported psychiatric diagnoses, tinnitus/tinnitus disorder status, 

hearing loss status, prior traumatic brain injury, migraine). We also calculated the prevalence of ñclinically-

significant hyperacusis,ò ñclinically-significant misophonia,ò and their overlap in our sample using the case 

ascertainment algorithms described previously, additionally reporting the frequency of individuals at each 

ñimpairment levelò (for hyperacusis based on the ESIT-SQ hyperacusis question (Genitsaridi et al., 2019), 

and for misophonia based on the DMQ-IMP subscale (Rosenthal et al., 2021).  

Within the subsample of autistic adults meeting criteria for clinically significant hyperacusis, we 

specifically analyzed the phenotype of sound-induced pain, examining its frequency and intensity, as well as 

the proportion of autistic adults who would meet operational criteria for ñpain hyperacusis.ò We also broadly 

queried about other sound-evoked physical symptoms of hyperacusis using the following question, ñWhen 

you hear a loud sound, do you ever experience any of the following physical sensations? (Select all that 

apply)ò. Additional clinical features of hyperacusis, including the age of onset, laterality/asymmetry of 

symptoms, and presence/context of ñsetbacksò or temporary symptom flare-ups (Pollard, 2019) were also 

explored. 

Within the subsample of autistic adults meeting criteria for clinically significant misophonia, we 

reported on the number of triggers endorsed, as well as the frequency of each individual trigger endorsed 

(based on the DMQ trigger list). Frequency of being triggered, global impact, and emotional and physical 

responses to being triggered (based on DVMSQ and DMQ item responses, respectively), as well as the 

frequency of finding oneôs emotional responses to being triggered excessive/unreasonable (Williams, Cascio, 

et al., 2022) were also specifically explored in the misophonia subsample.  

2.2.3.2 Categorical Associations 

Although there were very few inferential statistics utilized in the current study, we did evaluate 

some associations of categorical variables using a Bayesian analog of the Pearson chi-squared test (Gûnel-

Dickey contingency table tests; Gûnel & Dickey, 1974; Jamil et al., 2017). This was implemented with the 

bayes.proptest function from ZPack.Bayes (Williams, 2024). An independent multinomial sampling plan was 
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used for 2×2 contingency tables, allowing us to conduct a test of the equality of two proportions (i.e., does 

the odds ratio of endorsement [OR] equal 1); Dirichlet priors (a1, a2=1) were placed on cell counts in each 

row. The OR was considered the quantity of interest, and 15,000 Monte Carlo posterior samples were 

calculated using the joint posterior distribution of all model parameters (Williams, Suzman, et al., 2021a). 

Notably, as the null hypothesis of complete equivalence is always false at the population level (Cohen, 1994), 

this posterior was then tested against the interval null hypothesis that the OR would fall within a region of 

values that we deemed a priori to be trivially small (i.e., the region of practical equivalence [ROPE]; 

Kruschke, 2018). The ROPE was defined in this case to be an OR interval of [0.833, 1.20], which is 

approximately equal to Cohenôs d values of [-0.1, 0.1] and therefore constitutes half the magnitude of a 

prototypical ñsmallò effect size (Cohen, 1988). A ROPE Bayes factor (BFROPE; Liao et al., 2021; Linde et al., 

2023; Makowski et al., 2019) was calculated to quantify evidence for or against the hypothesis that the OR 

falls within the ROPE. BFROPE>3 suggests values are outside the ROPE (proportions are meaningfully 

different), BFROPE<1/3 suggests they are within the ROPE (proportions are practically equivalent), and 

1/3<BFROPE<3 is inconclusive (Wagenmakers et al., 2011). The Bayesian probability of direction (Pd; 

Makowski et al., 2019) was also derived as an analog to the p-value. Pd is approximately the inverse of a 

one-tailed p-value, with values of Pd>.975 suggesting ñstatistical significanceò at the p<.05 level.  

2.3 Results 

Basic demographic and clinical data for individuals in the current sample (as well as hyperacusis, 

misophonia, and hyperacusis+misophonia subgroups) are reported in Table 2.2. As with the previous study 

drawn from this sample (Williams, Cascio, et al., 2023), autistic adults in the present study (n=936, mean age 

37.49 years, age range 18ï80 years) were predominantly non-Hispanic White (80.1%; 77.1ï78.3% of 

hyperacusis/misophonia groups), assigned female at birth (63.0%), college-educated (48.2% completed a 4-

year college degree or more), and diagnosed with autism in adulthood (median age of diagnosis=23.21 years; 

38.7% diagnosed before 18 years of age; 6.6% diagnosed before 4 years of age). Participants reported a mean 

of 1.78 lifetime psychiatric/neurodevelopmental diagnoses in addition to autism (range 0ï7; 81.2% reporting 

at least one), as well as a mean of 0.67 functional somatic syndrome diagnoses (medical conditions such as 

fibromyalgia, irritable bowel syndrome, and interstitial cystitis that are symptom-based syndromes and 

difficult to conclusively associate with any specific pathology; Henningsen et al., 2007, 2018) [range 0ï7; 

36.5% reporting at least one]. Notably, a sizable portion of the sample (43.6%) reported tinnitus at the level 

ascertained by the ESIT-SQ, with nearly one third of autistic adults (32.8%) meeting criteria for tinnitus 

disorder as operationalized using the THI-S. Conversely, the prevalence of (professionally diagnosed) 

hearing loss was relatively low (7.7%). 

2.3.1 Prevalence, Comorbidity, and Impact of Decreased Sound Tolerance Disorders 
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Using the hyperacusis and misophonia case ascertainment criteria outlined previously, 456 autistic 

adults (48.7% of the sample) met criteria for some form of clinically significant DST disorder (either 

hyperacusis, misophonia, or both). Of these individuals, 377 autistic adults (40.3% of the whole sample) met 

the criteria for hyperacusis, 332 (35.5% of the whole sample) met the criteria for misophonia, and 253 (27.0% 

of the whole sample) met criteria for both disorders simultaneously. Although the correlates of hyperacusis 

are explored more fully in Chapter 3, it is worth noting that the prevalence of both DST disorders varied 

substantially according to sex at birth (Hyperacusis: 49.7% of females vs. 24.3% of males; Misophonia: 

Hyperacusis: 44.2% of females vs. 20.5% of males). Given the sex-imbalanced nature of our sample, we also 

calculated sex-weighted prevalence estimates using the estimated 3:1 ratio of males to females in the autistic 

population (Loomes et al., 2017), which were 33.5% for hyperacusis, 29.1% for misophonia, and 21.9% for 

both conditions. 

Additionally, as categorically defined hyperacusis and misophonia were highly comorbid in the 

current sample (67.1% of the hyperacusis group and 76.2% of the misophonia group met criteria for the other 

condition; OR=12.26, CrI95% [9.08, 16.94], Pd>.999, BFROPE=8.49³1015). Notably, the approximately half of 

individuals meeting criteria for either hyperacusis or misophonia was much larger than the number of autistic 

individuals who reported ever seeing a medical professional for help with DST-related symptoms (n=158; 

16.9% of the sample), although having a clinical DST condition and seeking medical help for DST conditions 

were strongly associated (25.7% of those with clinically significant DST sought medical help vs. 8.5% of 

those without clinically significant DST; OR=3.73, CrI95% [2.56, 5.50], Pd>.999, BFROPE=1.17³105). 

Comorbidity of hyperacusis with tinnitus was significant, with 56.0% of autistic adults with hyperacusis 

meeting tinnitus criteria as opposed to 35.2% of those without hyperacusis (OR=2.33, CrI95% [1.78, 3.03], 

Pd>.999, BFROPE=4.80³103). The relative increase was even higher for the association between hyperacusis 

and tinnitus disorder (47.2% vs. 23.1%; OR=2.98, CrI95% [2.25, 3.92], Pd>.999, BFROPE=2.46³105). 

Misophonia was also similarly associated with higher rates of both tinnitus (55.1% vs. 37.3%; OR=2.07, 

CrI95% [1.58, 2.72], Pd>.999, BFROPE=594) and tinnitus disorder (47.6% vs. 24.7%; OR=2.77, CrI95% [2.08, 

3.67], Pd>.999, BFROPE=1.01³105). Notably, both hyperacusis and misophonia were unassociated with 

(diagnosed) hearing loss in the current sample (Hyperacusis: OR=1.14, CrI95% [0.704, 1.86], Pd=.699, 

BFROPE=0.070; Misophonia: OR=0.855, CrI95% [0.508, 1.40], Pd=.730, BFROPE=0.081). 

In the hyperacusis group (n=377), ESIT-SQ impairment level was rated as ña moderate problemò 

in 44.0%, ña big problemò in 29.7%, and ña very big problemò in 26.3%. Using the DMQ-IMP cutoff scores 

for impairment in the misophonia group (n=332), 3.0% were rated as having no impairment, 23.2% as mild 

impairment, 62.7% as moderate impairment, and 11.1% as severe impairment.  
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Table 2.2: Demographic and Clinical Characteristics of the Sample and Hyperacusis/Misophonia Subgroups 
 

  

Full Sample 

(n=936) 

Hyperacusis 

(n=377) 

Misophonia 

(n=332) 

Hyperacusis + 

Misophonia (n=253) 

Age (years) 37.49 (13.28) 37.49 (12.30) 37.19 (12.40) 37.41 (12.36) 

Male 346 (37.0%) 84 (22.3%) 71 (21.4%) 52 (20.6%) 

Female 590 (63.0%) 293 (77.7%) 261 (78.6%) 201 (79.4%) 

Gender minority (transgender/non-binary) 122 (13.0%) 72 (19.1%) 74 (22.3%) 59 (23.3%) 

Hispanic/Latino ethnicity 67 (7.2%) 31 (8.2%) 27 (8.1%) 21 (8.3%) 

Race [ñchoose all that applyò format]         

     White 854 (91.2%) 346 (91.8%) 307 (92.5%) 233 (92.1%) 

     American Indian/Alaska Native 57 (6.1%) 32 (8.5%) 30 (9.0%) 25 (9.9%) 

     Asian 38 (4.1%) 15 (4.0%) 16 (4.8%) 12 (4.7%) 

     Black/African American 40 (4.3%) 18 (4.8%) 17 (5.1%) 16 (6.3%) 

     Middle Eastern/North African 8 (0.85%) 4 (1.1%) 5 (1.5%) 4 (1.6%) 

     Native Hawaiian/Pacific Islander 4 (0.43%) 3 (0.8%) 3 (0.9%) 3 (1.2%) 

     Other Race 17 (1.8%) 8 (2.1%) 5 (1.5%) 4 (1.6%) 

Educational Attainment         

     No high school diploma 15 (1.6%) 6 (1.59%) 6 (1.81%) 5 (1.98%) 

     High school diploma/general education development 123 (13.1%) 35 (9.28%) 36 (10.8%) 23 (9.09%) 

     Vocational certificate 34 (3.63%) 20 (5.31%) 13 (3.92%) 11 (4.35%) 

     Some college 217 (23.2%) 100 (26.5%) 93 (28.0%) 73 (28.9%) 

     Associate degree 96 (10.3%) 46 (12.2%) 34 (10.2%) 30 (11.9%) 

     Bachelor's degree 221 (23.6%) 80 (21.2%) 71 (21.4%) 53 (20.9%) 

     Some graduate/professional school 53 (5.66%) 24 (6.37%) 19 (5.72%) 15 (5.93%) 

     Graduate/professional degree 177 (18.9%) 66 (17.5%) 60 (18.1%) 43 (17.0%) 

Age of autism diagnosis (years) 25.43 (16.45) 26.55 (14.95) 26.21 (15.12) 26.41 (14.94) 

Psychiatric diagnoses (other than autism) 1.78 (1.40) 2.13 (1.43) 2.18 (1.44) 2.25 (1.44) 

Functional somatic syndrome diagnoses 0.67 (1.14) 0.97 (1.33) 0.97 (1.32) 1.03 (1.37) 

Putative risk factors for sound tolerance disorders         

     Tinnitus 408 (43.6%) 211 (56.0%) 183 (55.1%) 146 (57.7%) 

     Tinnitus disorder 307 (32.8%) 178 (47.2%) 158 (47.6%) 130 (51.4%) 

     Hearing loss (diagnosed) 72 (7.69%) 31 (8.22%) 23 (6.93%) 18 (7.11%) 

     Sudden hearing loss (not necessarily diagnosed) 61 (6.52%) 33 (8.75%) 29 (8.73%) 22 (8.7%) 

     Migraine (at least one episode per week) 142 (15.2%) 81 (21.5%) 73 (22.0%) 61 (24.1%) 

     Traumatic brain injury (with loss of consciousness) 220 (23.5%) 107 (28.4%) 96 (28.9%) 74 (29.2%) 

     Ruptured eardrum 89 (9.51%) 41 (10.9%) 36 (10.8%) 31 (12.3%) 

     History of pressure equalization tubes 125 (13.4%) 46 (12.2%) 38 (11.4%) 29 (11.5%) 

Continuous/count variables are presented as M (SD), whereas other variables are presented as n (%) within each group. All data were self-reported on the study-specific 

demographics survey, with the exception of age of autism diagnosis, which was gathered from SPARK demographics. Functional somatic syndromes refer to diagnoses 

such as fibromyalgia, irritable bowel syndrome, interstitial cystitis, and myalgic encephalomyelitis/chronic fatigue syndrome. 
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2.3.2 Clinical Features of Hyperacusis 

Sound-induced ear pain was a common symptom in the current sample, being endorsed at least once 

in the past year by 484 individuals (51.7%) and by 296 of the individuals with hyperacusis (78.5%). Within 

the subset of 377 autistic individuals with hyperacusis, nearly two thirds of individuals (64.7%) experienced 

sound-induced pain at least once per month, and for 93 individuals (24.7% of the hyperacusis group; 9.9% 

of the full sample), pain occurred more days than not, meeting case criteria for pain hyperacusis. Individuals 

with pain hyperacusis typically rated their level of impairment as more severe on average (19.4% ña moderate 

problemò, 33.3% ña big problemò, and 47.3% ña very big problemò). The average severity of their pain was 

rated as 60.0 points (SD=17.1) on a 100-point visual analog scale. Within the hyperacusis group, there was 

an inconclusive association between pain hyperacusis and misophonia (74.2% [Pain hyperacusis] vs. 64.8% 

[Loudness hyperacusis]; OR=1.54, CrI95% [0.92, 2.60], Pd=.954, BFROPE=0.340). Pain hyperacusis was also 

not meaningfully associated with tinnitus (55.9% vs. 56.0%; OR=0.998, CrI95% [0.629, 1.59], Pd=.503, 

BFROPE=0.053), tinnitus disorder (49.5% vs. 46.5%; OR=1.13, CrI95% [0.721, 1.81], Pd=.701, BFROPE=0.066), 

or hearing loss (6.5% vs. 8.8%; OR=0.774, CrI95% [0.310, 1.83], Pd=.722, BFROPE=0.171).  

Autistic adults with hyperacusis also endorsed a wide range of other sound-evoked symptoms 

(Figure 2.1), with the most common non-painful symptoms being tinnitus, palpitations, and ear 

fullness/pressure (each endorsed by over 40% of the sample). Most autistic adults with hyperacusis (72.1%) 

also reported experiencing temporary symptom ñflare-upsò or ñsetbacksò caused by loud sounds at some 

point in their lives. Hyperacusis was further reported to be exacerbated by a wide range of non-sound factors 

in the majority of autistic adults, including stress (88.9%), feeling tired/lack of sleep (77.7%), headache 

(69.2%), experiencing strong emotions (65.8%), uncomfortable non-auditory stimuli (65.5%), and pain 

elsewhere in my body (50.4%).. Autistic adults reported that their hyperacusis symptoms were exacerbated 

by a median of 5 (IQR [3, 6]) of the 7 pre-specified non-sound factors.  

The onset of hyperacusis was predominantly reported to be in early childhood, with 226 individuals 

(59.9%) reporting an onset before 6 years of age and an additional 46 individuals (12.2%) reporting onset 

between 6ï12 years. Most of the remaining individuals (n=76 [20.2%]) indicated that they did not know the 

onset of their hyperacusis, consistent with a lack of sudden or recent onset of symptoms in these individuals. 

Individuals reporting onset in the teenage years (3.5%) or in adulthood (4.2%) were relatively uncommon in 

the sample. When assessing the laterality of hyperacusis, only three cases of unilateral hyperacusis were 

reported (0.9%), although 23.6% of participants reported asymmetric symptoms favoring one ear over the 

other; responses indicated that asymmetric symptoms were worse in the left and right ears approximately 

evenly across participants. Strikingly, participants who reported a diagnosed hearing loss were substantially  
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Figure 2.1: Sound-evoked Symptoms in Hyperacusis Group (n = 377) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Symptoms were endorsed in response to the question ñWhen you hear a loud sound, do you ever experience any of the following physical sensations? (Select all that 

apply).ò Symptom names are shortened versions of the names participants endorsed (e.g., ñdyspneaò was ñSensations of shortness of breath or smotheringò).   
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more likely to indicate that their hyperacusis symptoms were not symmetric (OR=4.91, CrI95% [2.29, 11.03], 

Pd>.999, BFROPE=150). 

2.3.3 Clinical Features of Misophonia 

Endorsement of each DMQ trigger in the misophonia group is displayed in Table 2.3. Participants 

with misophonia reported a median of 7 triggers (IQR [5, 10]), with the most frequently endorsed trigger 

being ñPeople talking in the background (e.g., phone calls in public, many people talking at once)ò (77.1% 

endorsement), followed by ñPeople making mouth sounds while eating or drinking (e.g., chewing, crunching, 

slurping)ò (70.8% endorsement), and ñPeople making repetitive sounds (e.g., typing, tapping nails on table, 

pen clicking, writing, construction work, using machinery)ò (68.7% endorsement). When considering any 

oronasal trigger (endorsement of either ñmouth sounds ï eating,ò ñmouth sounds ï not eating,ò or 

ñnasal/throat soundsò as a trigger), 85.5% of the misophonia group reported experiencing these ñclassicò 

triggers. Similarly, another compound trigger ñclassicallyò associated with misophonia (repetitive sounds, 

made up of ñpeople making repetitive sounds,ò ñobjects making repetitive sounds,ò and ñanimals making 

repetitive soundsò) was endorsed by 88% of the misophonia group, and 94.9% of individuals with clinically 

significant misophonia reported at least one oronasal or repetitive trigger sound on the DMQ.  

Among autistic adults with misophonia, 93.7% reported experiencing trigger sounds at least once 

per week over the past month, with 55.1% indicating that they hear trigger sounds multiple times daily. On 

a 0ï100 visual analog scale, autistic adults with misophonia noted that the overall impact of misophonia 

triggers on their life was a mean of 62.2 (SD=23.2). Regarding the emotions encountered when triggered, 

intense irritation/annoyance was most common (mean item score 3.64/4), followed by anger (mean item 

score 2.66/4), disgust (mean item score 2.39/4), and least commonly, fear/panic (mean item score 2.06/4). 

Physical responses when triggered included becoming rigid/stiff (mean item score 2.35/4), reflexively 

jumping (mean item score 2.24/4), feeling oneôs heart race (mean item score 2.19/4), breathing more intensely 

(mean item score 1.89/4), and trembling/shaking (mean item score 1.64/4). Notably, 75.3% of individuals 

with misophonia felt that their reactions when triggered were ñoftenò or ñvery oftenò excessive, unreasonable, 

or out of proportion to how most other people would respond. Additionally, 72.6% of the misophonia group 

reported that they ñoftenò or ñvery oftenò proactively avoid situations where they may potentially hear trigger 

sounds.  

2.4 Discussion 

The current study presents one of the largest and most comprehensive investigations of DST 

phenomenology, prevalence, and clinical features in the autistic population to date, specifically focusing on 

the major DST disorders of hyperacusis and misophonia in a sample of predominantly cognitively able 

autistic adults. As one of the first studies to differentiate hyperacusis from misophonia in the autistic 
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population (rather than grouping them together under the single label of ñauditory hyperreactivityò), our 

results allow us to examine these two distinct yet related disorders, providing a foundation for understanding 

their separate etiologies, correlates, natural histories, and pathophysiological mechanisms. The present 

investigation focused primarily on exploring the number of autistic individuals meeting operational criteria 

for hyperacusis and misophonia, as well as specific clinical features associated with each condition. Although 

largely descriptive in nature, our findings provide some insight into fundamental questions about the nature 

of DST disorders in autistic individuals, providing a critical step toward advancing basic and applied research 

that can support clinically meaningful outcomes such as improved diagnosis, supports, and targeted 

interventions for these often-debilitating conditions.  

2.4.1 Prevalence and Comorbidity of Hyperacusis and Misophonia 

An important contribution of the current study was estimation of the prevalence of each DST 

disorder. Based on operational diagnostic criteria and self-reported symptoms, 48.7% of our autistic adult 

sample presented with either hyperacusis or misophonia, with clinically significant hyperacusis observed in 

40.2% (sex-weighted prevalence: 33.5%), clinically significant misophonia was observed in 35.5% (sex-

weighted prevalence: 29.1%), and comorbid hyperacusis and misophonia observed in 27.0% (sex-weighted 

prevalence: 21.9%). This research represents one of the first estimates of misophonia prevalence in the 

autistic population, and it is the only study to assess this quantity using a measure that has been 

psychometrically validated in autistic individuals (Williams, Cascio, et al., 2022). Compared to 7.3% of 

general population adults in the original DVMSQ validation study (n=1403) meeting case criteria for 

misophonia (Williams, Cascio, et al., 2022), a prevalence of 29.1ï35.5% clearly indicates that rates of 

clinically significant misophonia are substantially elevated in autistic relative to non-autistic adults, as has 

been previously assumed (Williams, He, et al., 2021). Estimates by Scheerer et al. (2024), notably derived 

from a cohort of autistic adults that all self-reported some degree of (unspecified and possibly subclinical) 

DST, have also indicated that 56% of autistic adults met criteria for clinically significant hyperacusis and 

30% met criteria for clinically significant misophonia, compared to 17% and 13% of non-autistic adults with 

self-reported DST who met criteria for these same conditions. When considering clinically significant 

hyperacusis, the sex-weighted prevalence obtained in the current study was slightly lower than most ñcurrent 

prevalenceò estimates in our previous meta-analysis of (largely pediatric) studies (meta-analytic estimate: 

37ï46%; Williams, Suzman, et al., 2021b). This is likely due to the previously-observed age effects on 

hyperacusis prevalence in autistic individuals (Courchesne et al., 2021; Williams, Suzman, et al., 2021b), 

which demonstrate that the prevalence of clinically significant hyperacusis decreases with age in the autistic
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Table 2.3: Endorsement of Common Misophonia Triggers in Misophonia Group 
 

Duke Misophonia Questionnaire Trigger  Category 
Endorsement 

[n (%)]  

People talking in the background (e.g., phone calls in public, many people talking at once) 256 (77.1%) 

People making mouth sounds while eating or drinking (e.g., chewing, crunching, slurping) 235 (70.8%) 

People making repetitive sounds (e.g., typing, tapping nails on table, pen clicking, writing, construction work, using machinery) 228 (68.7%) 

People making mouth sounds when not eating (e.g., making the "tsk" sound, heavy breathing, snoring, whistling) 213 (64.2%) 

People making nasal/throat sounds (e.g., sniffing, sneezing, nose-whistling, coughing, throat-clearing) 199 (59.9%) 

Repetitive or continuous sounds not made by a person (e.g., clock ticking, air conditioner humming, water running) 199 (59.9%) 

Muffled sounds (e.g., voices separated by a wall, TV/music in another room) 177 (53.3%) 

Animals making repetitive sounds (e.g., licking, chirping, barking, eating, drinking) 177 (53.3%) 

Rubbing sounds (e.g., hands on pants, hands against one another, styrofoam rubbing together) 151 (45.5%) 

Stomping or loud walking (e.g., heels clicking, flip flops, etc.) 147 (44.3%) 

Speech sounds (e.g., "p" sounds,  hissing "s" sounds, someone speaking with a lisp, high-pitched voices) 138 (41.6%) 

Rustling or tearing objects (e.g., paper, plastic) 137 (41.3%) 

Seeing someone making or about to make a sound that bothers you, even if you can't hear it (e.g., seeing someone reach into a bag of chips, 

seeing someone eating on TV with the volume off) 
129 (38.9%) 

Body or joint sounds (e.g., snapping fingers, cracking joints, jaw clicking) 112 (33.7%) 

Other (please describe) 46 (13.9%) 

Items are reprinted from the Duke Misophonia Questionnaire and Duke-Vanderbilt Misophonia Screening Questionnaire Trigger Modules (Rosenthal et al., 2021; 

Williams et al., 2021) and used under a CC-BY-SA 4.0 license.  
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population (though whether hyperacusis persists in these individuals to some subclinical extent remains 

unclear and in need of additional study). Nevertheless, this study demonstrates that rates of both hyperacusis 

and misophonia remain high in adulthood, with each persisting to a clinically significant extent in 

approximately 30% of autistic individuals. Lastly, approximately 16% of autistic individuals had previously 

sought care from a physician or allied health professional for their DST symptoms, a rate substantially lower 

than the number with clinically significant DST symptoms in the sample. Although reasons for this gap 

between clinically significant DST and help-seeking behavior were not formally explored, it is possible that 

cliniciansô generally poor awareness of DST and limited ability to treat it in current clinical settings (e.g., 

Jahn & Koach, 2023) may contribute to reduced motivation among patients to seek medical care at this time.  

Within the current sample, diagnostic overlap (i.e., comorbidity) between hyperacusis and 

misophonia was exceptionally high, on par with comorbidity between mood and anxiety disorders (Saha et 

al., 2021). Although some general population studies have indicated that these conditions may have 

substantial overlap (Brennan et al., 2023; Dixon et al., 2024), this is to our knowledge the highest estimate 

of hyperacusis-misophonia comorbidity published to date and may potentially be a unique characteristic of 

the autistic DST phenotype. It is, however, notable that the one other survey to characterize the overlap of 

clinically significant hyperacusis and misophonia in a sample of autistic adults (all of whom self-reported 

some degree of clinical or subclinical DST) found rates of clinically significant hyperacusis, misophonia, and 

hyperacusis+misophonia in 56%, 30%, and 26% of the sample, respectively (Scheerer et al., 2024). Given 

that the present study was conducted solely with self-report survey instruments, it may also be the case that 

at least some of this covariation is methodological (e.g., some individuals with hyperacusis meet DVMSQ 

screening criteria due to ambiguities in wording, or indicators for hyperacusis and misophonia, when used 

together, select cases where one diagnosis meets the clinical threshold, but the other is subclinical). However, 

unpublished data from our research group (detailed in Chapter 5), which include structured clinical interviews 

to characterize autistic and non-autistic adults with DST, suggest that the co-occurrence between DST 

conditions is indeed quite frequent, particularly in autistic adults (Williams & Woynaroski, 2022), and an 

explanation of these results as purely an artifact of the survey methodology is highly unlikely. As hyperacusis 

and misophonia have predominantly been studied in isolation up until this point, it is imperative, particularly 

in the autistic population, that studies of one of these constructs attempt to include measures of the other. It 

is additionally incumbent upon developers of psychometric tools to ensure that any putative measure of 

ñhyperacusis symptomsò or ñmisophonia symptomsò demonstrates sufficient specificity for the DST domain 

of interest and can discriminate between individuals with hyperacusis and misophonia. Such transdiagnostic 

investigation of DST symptoms will ensure that the likely substantial population of individuals with both 

hyperacusis and misophonia can be further characterized, and that investigators will be able to isolate the 

effects of each DST dimension more confidently by incorporating adequate statistical controls for 
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confounding by the other dimension/diagnosis.  

Associations of hyperacusis and misophonia with hearing disorders, namely tinnitus, tinnitus 

disorder, and (diagnosed) hearing loss, were also assessed. As demonstrated in prior general population 

literature (Cederroth et al., 2020), hyperacusis was strongly related to tinnitus, although the prevalence was 

somewhat lower in the autistic population (56.0% using a common epidemiologic screening question) than 

in some general population samples (e.g., 86% in two large samples; Sheldrake et al., 2015; Williams, 

Suzman, et al., 2021a). Tinnitus disorder is a more recently established condition and given the lack of 

standardized operationalization of this disorder or similar ñclinically significant tinnitusò definitions, it is 

difficult to determine whether the prevalence in the current sample is substantially higher or lower than other 

samples. Nevertheless, hyperacusis is typically believed to be a poor prognostic factor in tinnitus patients 

(Schecklmann et al., 2014), and a significant relationship with tinnitus disorder in the present sample is 

consistent with prior literature.  

Interestingly, there was no significant relationship between hyperacusis and diagnosed hearing loss 

in autistic adults, despite such a relationship being previously reported for the general population (Jahn & 

Polley, 2023; Sheldrake et al., 2015). This may be due to several reasons, including the fact that hyperacusis 

in autism is more likely to be neurodevelopmental than post-traumatic in origin (Williams, He, et al., 2021). 

Additional contributors could be the relatively low prevalence of diagnosed hearing impairments in the 

current sample or the fact that associations between hyperacusis and hearing loss in previous studies was 

demonstrated using audiometric thresholds rather than self-report of professional diagnoses. Additionally, 

there were no meaningful differences in associations between misophonia, tinnitus, or hearing loss between 

autistic individuals with loudness and pain hyperacusis, mirroring general-population findings (Williams, 

Suzman, et al., 2021a).  

Misophonia was also significantly associated with tinnitus and tinnitus disorder (though not hearing 

loss), replicating a prior association in the general population (Brennan et al., 2023). Notably, the association 

between misophonia and tinnitus in the current study was nearly as large as between hyperacusis and tinnitus 

(which was not the case in the general population study examining the same associations; Brennan et al., 

2023), leading us to believe that at least some of the strength of this association could be explained by the 

strong overlap of misophonia and hyperacusis in the current sample. Genetic correlations have also been 

found between misophonia symptoms and tinnitus in other work (Smit et al., 2023), suggesting that 

hyperacusis is unlikely to fully mediate this relationship. Nevertheless, additional investigations controlling 

for confounding by hyperacusis status are necessary to isolate the effect of misophonia when examining 

overlap with tinnitus and other hearing disorders.  

2.4.2 Clinical Features of Hyperacusis 
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 This study also provided an in-depth investigation of the clinical features of hyperacusis within 

the autistic population. Within our sample of autistic adults with hyperacusis, sound-induced ear pain was a 

frequently reported symptom, a finding that has never been empirically demonstrated in the literature until 

this point (although see Scheerer et al., 2024). Though pain hyperacusis (i.e., hyperacusis with sound-induced 

pain more days than not) was only endorsed by approximately one in four autistic adults with hyperacusis, 

the majority of individuals with hyperacusis reported experiencing sound-induced pain at less regular 

intervals (78.5% within the past year, 64.7% in the past month). In addition to excessive loudness and sound-

induced pain, autistic adults with hyperacusis endorsed many other sound-evoked symptoms, including 

tinnitus, palpitations, ear-fullness/pressure, and headaches, as well as temporary sound-induced symptom 

flare-ups similar to the ñsetbacksò seen in many non-autistic patients with hyperacusis (Williams, Suzman, 

et al., 2021a). Although the survey questions querying whether individuals ever experienced these symptoms 

(and therefore cannot speak to their frequency), it is notable that they do occur in a sizable minority of autistic 

individuals with hyperacusis (or in the case of symptom flare-ups, the majority) and therefore may play a 

role in the overall clinical picture.  

Autistic adults also endorsed many different non-sound factors that appeared to frequently 

exacerbate hyperacusis symptoms, with stress, tiredness/lack of sleep, headache, strong emotions, and 

aversive non-sensory stimuli all causing such exacerbations in 65% or more of the hyperacusis sample. These 

appear to be similar to factors that are associated with hyperacusis symptom provocation in the general 

population (Williams, Suzman, et al., 2021a), although non-auditory sensory stimuli worsening hyperacusis 

may be a factor that is more commonly or uniquely observed in autism and should be potentially examined 

further.  

Questions regarding the onset and laterality of hyperacusis provided insight into the nature and 

course of the condition and whether it is likely central or peripheral in origin. The majority of autistic adults 

with hyperacusis reported either a very early age of onset (<6 years) or not knowing when symptoms began 

(which, based on the clinical experience of the author interviewing autistic adults with DST, is frequently 

associated with never remembering a time in oneôs life without DST), and fewer than 10% reported an age 

of hyperacusis onset after 12 years of age. This is in contrast to a general population sample reported by our 

group (Williams, Suzman, et al., 2021a), where the onset of hyperacusis was well into adulthood for the vast 

majority of participants. Such substantial differences suggest potentially different etiologies for autism-

associated hyperacusis (theorized to be neurodevelopmental in origin, secondary to autism-linked alterations 

in synaptogenesis and other neurodevelopmental processes; Mercati et al., 2017; Williams, He, et al., 2021) 

and the more ñclassicò acquired hyperacusis observed in non-autistic individuals with noise trauma, which is 

thought to be the result of central gain after peripheral auditory damage (Jahn & Polley, 2023; Zeng, 2020) 

but may also be a functional neurological symptom in at least a subset of cases (Baguley et al., 2016).  
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Similar to findings in the general population (Williams, Suzman, et al., 2021a), the vast majority of 

hyperacusis seen in autism was bilateral and symmetric, suggesting a ñsite of lesionò in the central, rather 

than peripheral, auditory system. However, unilateral hyperacusis was reported by a small number of 

individuals (n=3), and a sizable minority of those with bilateral hyperacusis felt that their loudness tolerance 

was asymmetric (with the proportion noting a right vs. left ear symptom predominance approximately equal). 

Notably, this finding of asymmetric hyperacusis was strongly associated with a physician diagnosis of prior 

hearing loss, which is consistent with the associations between hyperacusis and asymmetric hearing loss 

found by Jahn and Polley (2023). It is likely that in such cases, one ear is perceived to tolerate loud sounds 

better because of additional cochlear damage on one side, rather than differential ñgainò applied to each of 

the two ears. Thus, although asymmetric hyperacusis is indeed a genuine finding in both autistic and non-

autistic adults (and may indeed be reflected in inter-aural asymmetries in loudness discomfort levels), these 

asymmetries are possibly driven by differences in (peripheral) hearing sensitivity rather than (central) 

loudness growth per se.  

2.4.3 Clinical Features of Misophonia 

Lastly, we investigated the clinical features of misophonia in autistic adults, in the first study to our 

knowledge to do so. Notably, autistic adults with misophonia endorsed many of the ñclassicò misophonia 

triggers (i.e., oronasal and repetitive sounds) with a very high frequency, with almost 95% of individuals in 

the misophonia group reported being triggered by at least one of these sounds. However, the single trigger 

category endorsed the most in the misophonia group was, ñPeople talking in the background (e.g., phone 

calls in public, many people talking at once).ò It is unclear whether the DMQ directions around triggers, 

which state to endorse all that ñbother you much more intensely than they do other people,ò could play a role 

in this outside endorsement, as many autistic people report being overwhelmed, but perhaps not necessarily 

ñtriggeredò in terms of a misophonic reaction, by many overlapping conversations (Landon et al., 2016; see 

also Scheerer et al., 2024). Aside from this potential artifact, all other triggers appeared similar in rank-order 

to those selected by individuals in the general population in prior work (Rosenthal et al., 2021). Additional 

clinical features of misophonia observed were that: (a) the predominant emotions were irritation followed by 

anger and disgust (plus fear/panic to a lesser extent); (b) physical reactions predominantly included muscle 

tension, reflexively jumping, and heart racing; (c) a majority of participants (but not all) viewed their 

reactions as excessive or unreasonable; and (d) the degree of trigger avoidance and functional impairment 

from misophonia was substantial. All of these appear in line with the consensus definition of misophonia 

(Swedo et al., 2022), which was largely based on clinical descriptions of non-autistic patients, and suggest 

that the clinical features of misophonia do not substantially differ in autistic and non-autistic adults.  

This study is not without limitations. First and foremost, the DST constructs under study are 
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themselves without consensus-based diagnostic criteria; as such, there are no ñgold standardò diagnoses of 

hyperacusis or misophonia or instruments that can be used to make such diagnoses. The operational 

diagnostic criteria employed in the current study attempt to provide a standard for the field to follow, but 

they are clearly just a start and warrant modification with further input by experts and stakeholders. Beyond 

hyperacusis and misophonia, we also were unable to classify individuals for the disorder of phonophobia due 

to poor operationalization of some phonophobia criteria in our survey. Thus, it remains unclear how many 

autistic adults demonstrate DST due to phonophobia (with or without pre-existing hyperacusis or 

misophonia). Additionally, all symptoms were ascertained using self-report surveys; thus, the sensitivity and 

specificity of any symptom or classification may have been lower than if assessed using a clinician interview 

or more objective measure (e.g., audiometric testing in the case of hearing loss). Particularly in the case of 

prevalence estimates, future study utilizing validated clinical interviews would produce much more valuable 

data.  

Moreover, the study did not assess or characterize subclinical manifestations of hyperacusis or 

misophonia, despite these likely corresponding to the majority of DST observed in autistic individuals 

(Scheerer et al., 2024). However, when DST is rated as a minor problem or not significantly impacting oneôs 

life, it becomes less clinically relevant to characterize for the purposes of treatment and service provision, 

and characterization of subclinical DST was deemed out of the scope of the current study. More research is 

nevertheless needed to determine the phenomenology of the full DST spectrum present in autistic youth and 

adults. Another limitation is the lack of a control group. A number of conclusions were drawn with regard to 

the general population prevalence or features of some of these conditions, though no general population 

sample actually completed this exact survey protocol in the present study. Though it may be reasonable to 

make cross-group comparisons with consideration of historical data, particularly as pronounced as these 

differences appear to be, additional studies that utilize formal control groups of non-autistic individuals will 

be particularly helpful in assessing between-group differences. Lastly, this study was limited in its 

demographics to a fairly unrepresentative group of autistic adults (i.e., predominantly cognitively-able adults 

who skewed highly educated, late diagnosed, and female). Sex-weighted prevalence estimates sought to 

correct for the most significant effect of sample composition on prevalence, but the remaining covariate 

effects could still have had an outsized effect on the sample. In the future, improved sampling schemes could 

be employed to better investigate the prevalence of these conditions in the broader autistic population.  

2.5 Conclusion 

Decreased sound tolerance represents one of the most prevalent and impactful subtypes of sensory 

reactivity in autistic individuals, and the disorders of hyperacusis and misophonia both appear to contribute 

significantly to the overall burden of DST in the autistic population. In a sample of 936 autistic adults 



83 

   

 

83 

recruited from SPARK, we descriptively analyzed the prevalence and clinical features of both DST 

conditions, finding that 48.7% of the sample demonstrated clinically significant DST of some type. 

Examining these results by DST condition, we found rates of hyperacusis in 40.2% of the sample (sex-

weighted prevalence: 33.5%), misophonia in 35.5% of the sample (sex-weighted prevalence: 29.1%), and 

comorbid hyperacusis/misophonia in 27.0% of the sample (sex-weighted prevalence: 21.9%). Pain 

hyperacusis (sound-induced pain more days than not) was reported by approximately one fourth of 

individuals with hyperacusis (9.9% of the whole sample), and many other sound-evoked symptoms were also 

reported by a substantial minority of autistic hyperacusis patients. There were few differences in clinical 

features between the DST seen in autism and analogous disorders in the general population, although autism-

associated hyperacusis appears to have a much earlier onset due to its neurodevelopmental origin. 

Misophonia in particular appeared to have a clinical picture very similar to that seen in the general population, 

suggesting that underlying mechanisms may not meaningfully differ in autistic and non-autistic individuals. 

This work highlights the relevance of both hyperacusis and misophonia (as well as their substantial overlap) 

to DST in the autistic population and demonstrates the need to study both disorders in tandem when 

investigating symptoms or mechanistic factors related to sound tolerance in future studies of autistic 

individuals.  
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CHAPTER 2 SUPPLEMENTARY MATERIALS  

 

Supplemental Table 2.4: Items from Ad-hoc Clinical Questionnaire Used for Descriptive Phenotyping 

 

Construct Item Content Response Options 
Source 

Measure 

Tinnitus 

Tinnitus refers to the perception of noise in your head or ears (such as ringing or 

buzzing) in the absence of any corresponding source of sound external to your 

head. 

 

Over the past year, have you had tinnitus in your head or in one or both ears that 

lasts for more than five minutes at a time? 

Yes, most of the time / 

Yes, a lot of the time / 

Yes, some of the time / 

No, not in the past year / 

No, never 

ESIT-SQ 

[Adapted] 

Sound-induced ear pain 

 Over the past twelve (12) months, on average, approximately how often have you 

experienced physical pain in one or both ears as a result of sounds in your 

environment?  

Never / 

Less than once per month / 

One to three times per month / 

One to three times per week / 

Four to seven times per week / 

Two to five times per day / 

Six or more times per day 

Novel 

Sound-induced pain severity 
Please rate the severity of your sound-induced pain over the past month, on 

average. 
0ï100 Visual Analog Scale Novel 

Additional symptoms of 

hyperacusis 

When you hear a loud sound, do you ever experience any of the following physical 

sensations? (Select all that apply) 

A fluttering sensation in your ear(s) / 

Other non-painful uncomfortable 

sensations in your ear(s) / 

A migraine or other headache / 

Pain in your neck, face, or jaw / 

Tinnitus (ringing or buzzing noise in 

your ears) / 

Loss of balance or postural control / 

Palpitations, pounding heart, or 

accelerated heart rate /  

Sensations of shortness of breath or 

smothering / 

Nausea or abdominal distress / 

Numbness or tingling sensations / 

Chills or hot flushes / 

Other physical sensations / 

None of the above 

Novel 

Presence of flare-ups or ñsetbacksò 

When you hear a loud sound, does it ever cause your sound sensitivitya to 

temporarily worsen (i.e., sounds become louder, more painful, or more difficult to 

tolerate)?  

Yes / 

No 
Novel 
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Non-sound causes of flare-ups 
Does your sound sensitivitya ever get worse (i.e., sounds become even louder or 

more difficult to tolerate) in any of the following situations? 

When you are tired or did not sleep 

well / 

When you are experiencing a strong 

emotion / 

When you are feeling stressed / 

When you are experiencing pain 

somewhere else in your body / 

When you are experiencing 

discomfort from one of your other 

senses (sight, touch, smell, etc.) / 

When you are under the influence of 

drugs or alcohol / 

When you have a headache 

(including migraines) /  

Other / 

None of the above 

Novel 

Hyperacusis onset At what age did your sound sensitivitya start? 

Before age 6 / 

Age 6ï12 / 

Age 13ï17 / 

Age 18 or older / 

Don't know 

Novel 

Hyperacusis laterality Are you sensitive to sound in one ear or both ears? 

Left ear only / 

Right ear only / 

Both ears, but worse on left / 

Both ears, but worse on right / 

Both ears, same on both sides / 

Don't know 

Novel 

Received medical care for DST 

Have you seen a doctor or other health care professional (e.g., an audiologist, 

psychologist, counselor, or occupational therapist) for help with problems 

tolerating sounds in your environment? 

 

Yes / 

No 
Novel 

a Items were only administered to individuals who screened positive for hyperacusis and were embedded in a series of questions on hyperacusis (i.e., 

reduced tolerance to loud sounds and pain from sound). Thus, despite the vague language, these questions are expected to refer primarily to hyperacusis 

rather than sound tolerance symptoms in general. 
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3 CHAPTER 3 

 

Decreased Sound Tolerance Disorders (Hyperacusis and Misophonia) in Cognitively Able 

Autistic Adults II: Demographic and Clinical Correlates 

 

 

3.1 Background 

Sensory reactivity differences (encompassing hyperreactivity, hyporeactivity, and sensory seeking) 

are extremely common in the autistic population, with reported large-scale prevalence estimates ranging 

between 70.9% and 88.3% (Ausderau et al., 2014; Kirby et al., 2022; Lane et al., 2022), and since 2013, these 

phenotypic characteristics are included as core diagnostic features of autism in the Diagnostic and Statistical 

Manual of Mental Disorders, Fifth Edition (DSM-5; American Psychiatric Association, 2013). Among the 

many differences in sensory reactivity experienced by autistic individuals (Williams, Schaaf, et al., 2023), 

decreased sound tolerance (DST; Williams, He, et al., 2021; i.e., a reduced ability to tolerate environmental 

sounds) is among the most impactful and debilitating, affecting between 50ï70% of autistic people at some 

point in their lives (Williams, Suzman, et al., 2021b). Research interest in the topic of autism and DST is 

substantial and growing, as exemplified by the large number of review articles published in this area within 

the past five years (Danesh et al., 2021; Gonçalves & Monteiro, 2023; Poulsen et al., 2024; Sato, 2022; 

Stefanelli et al., 2020; Timms et al., 2022; Williams, He, et al., 2021). However, there remains relatively little 

empirical data on the topic of autism and DST to date (particularly when going beyond crude prevalence 

estimates), leaving many foundational questions about the etiology, pathophysiology, natural history, 

correlates, diagnosis, and treatment of DST in autism unanswered. In order to provide findings that are 

clinically actionable (i.e., able to inform the diagnosis, support, and/or treatment of DST conditions in autistic 

people), the field of DST research in autism must begin to move beyond simply estimating the number of 

autistic people with sound tolerance complaints and towards characterizing their associated features and 

natural histories, investigating putative mechanisms, and testing the efficacy of proposed interventions and 

accommodations/supports.  

A notable limitation of DST research in autism is that much of the research to date has considered 

DST as a unitary entity despite it being an umbrella term encompassing at least three distinct syndromes 

(Henry et al., 2022; Jastreboff & Jastreboff, 2015; Williams, He, et al., 2021). Based on literature largely 

drawn from the non-autistic population, widely-accepted taxonomies of DST disorders (Henry et al., 2022; 

Jastreboff & Jastreboff, 2015; Williams, 2022; Williams, He, et al., 2021) include at least three major 

conditions. First, hyperacusis is a hearing disorder in which innocuous or moderate-intensity sounds are 

perceived as excessively loud or painful (Coey & De Jesus, 2024; Fackrell et al., 2019; Henry et al., 2022). 
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Second, misophonia is a neuropsychiatric condition in which individuals have excessive and inappropriate 

emotional responses (anger, extreme irritation, or disgust) to specific ñtriggerò sounds (e.g., chewing, 

tapping, sniffling), even when those sounds occur at a low level (Brout et al., 2018; Palumbo et al., 2018; 

Swedo et al., 2022). Lastly, phonophobia is a specific phobia of sounds or situations that might present an 

uncomfortable sound, often occurring secondary to another DST disorder (Fackrell et al., 2019; Henry et al., 

2022; Williams, 2022). Research describing DST in autism has primarily focused on parent or caregiver 

reports of childrenôs symptoms, which may not be able to easily distinguish between these conditions (i.e., 

young children covering their ears and/or running away from sound sources could be symptoms of any of the 

DST conditions), and given the possibility that these conditions may be frequently comorbid as well (Brennan 

et al., 2023), it appears that autistic individuals with high levels of DST could present with any of the DST 

disorders or even a combination thereof. As DST within the autistic population has only recently begun to be 

parsed into its constituent syndromes (Andermane, Bauer, Sohoglu, et al., 2023; Danesh et al., 2021; Rinaldi 

et al., 2023; Scheerer et al., 2022, 2024; Williams, 2022; Williams, Barrett, et al., 2022; Williams, He, et al., 

2021), additional studies that characterize the clinical features and correlates of these distinct disorders in the 

autistic population will provide a critical foundation for future clinical applications such as improved 

diagnostic methods or intervention development.  

In Chapter 2, our group recently characterized the prevalence and clinical features of hyperacusis 

and misophonia in a sample of 936 cognitively able autistic adults recruited from the Simons Foundation 

Powering Autism Research Knowledge (SPARK; The SPARK Consortium, 2018) cohort. This study was 

the most comprehensive of its kind to date and the first to explore the prevalence and clinical features of 

several lesser-studied forms of DST [including misophonia and the subtype of hyperacusis referred to as 

ñpain hyperacusisò (Williams, Suzman, et al., 2021a)] in the autistic population. In our sample of adults (the 

same used in the present study), the prevalence of clinically significant hyperacusis was 40.2%, and the 

prevalence of clinically significant misophonia was 35.5%, with 27.0% of the sample (67.1% of the 

hyperacusis group and 76.2% of the misophonia group) reporting symptoms of both disorders simultaneously 

(i.e., comorbid hyperacusis and misophonia). Pain hyperacusis (defined as hyperacusis with sound-induced 

ear pain more days than not) was observed in 24.7% of the hyperacusis group (9.9% of the total sample). 

Autistic adults also frequently reported episodic or chronic tinnitus (43.6%), as well as tinnitus disorder (i.e., 

severe and intrusive tinnitus associated with significant emotional distress and clinically significant 

impairment; De Ridder et al., 2021; 32.8%), although medically diagnosed hearing loss (7.7%) was 

somewhat infrequent. Both assessed DST conditions were significantly associated with tinnitus and tinnitus 

disorder, although neither was associated with self-reported hearing loss, which is the case for hyperacusis 

in at least some general population studies (A. L. Smit et al., 2021). 

Clinical features of hyperacusis and misophonia reported by autistic adults in Chapter 2 of this 
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dissertation largely mirrored those reported in individuals in the general population (Swedo et al., 2022; 

Williams, Suzman, et al., 2021a; Jager et al., 2020), with several notable exceptions. Hyperacusis symptoms 

in this population had a very early onset (frequently before 6 years of age, with many individuals not knowing 

when they actually began to have symptoms), consistent with a presumed neurodevelopmental (i.e., autism-

linked) etiology. This stands in stark contrast to the ages of onset and relatively limited duration of symptoms 

reported by many non-autistic individuals with hyperacusis in other samples (Anari et al., 1999; Williams, 

Suzman, et al., 2021a). Additionally, temporary hyperacusis symptom exacerbations, known colloquially in 

patient communities as ñsetbacksò or ñflare-upsò (Pollard, 2019) and primarily attributed to loud noise 

exposure, stress, or fatigue/tiredness, have been reported in other phenotypic descriptions of hyperacusis 

(Anari et al., 1999; Williams, Suzman, et al., 2021a). However, a potentially unique aspect of the autistic 

hyperacusis phenotype is that aversive non-auditory stimuli, such as bright lights, noxious smells, unpleasant 

textures, are potentially able to exacerbate hyperacusis symptoms in the way that a loud sound can for some 

non-autistic individuals with hyperacusis. Lastly, the degree to which hyperacusis and misophonia were 

comorbid in the autistic population appeared much higher than any previously-described overlap of these 

two conditions in the non-autistic population (Aazh et al., 2022; Andermane, Bauer, Simner, et al., 2023; 

Brennan et al., 2023). Although we were unable to fully rule out the contributions of methodological factors, 

this finding potentially indicates that hyperacusis and misophonia may be more likely to co-occur in autistic 

than non-autistic individuals. Additional studies are needed to replicate and extend our findings, utilizing 

parallel groups of autistic and non-autistic individuals who complete the same phenotypic measures of DST 

symptoms (Scheerer et al., 2024; Williams, Barrett, et al., 2022). 

The current chapter is the second of a two-part study, which extends the above characterization work 

on hyperacusis and misophonia in this same sample of 936 autistic adults. Unlike the first portion (Chapter 

2), which focuses exclusively on DST prevalence and clinical features, the present study focuses specifically 

on assessing the clinical and demographic correlates of these two conditions and ascertaining whether  the 

categorical labels of hyperacusis and misophonia provide added value above basic demographic and clinical 

variables in predicting a range of clinically relevant outcomes (i.e., co-occurring conditions, symptom 

severity, quality of life) in the autistic adult population.  

3.2 Methods 

3.2.1 Participants 

This study utilized the same cohort of 936 independent autistic adults from SPARK (The SPARK 

Consortium, 2018) as reported Chapter 2.  To limit redundancy, methods that overlap between the two 

investigations have been abridged in the current chapter. A more complete description of these methods, 

including additional details regarding the participant sample and hearing disorder operationalization criteria 
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can be found in section 2.2.1.   

The sample comprised 936 independent autistic adults recruited from the SPARK cohort (The 

SPARK Consortium, 2018) using SPARK Research Match (Project No. RM0111Woynaroski_DST) in the 

spring 2021. These participants completed a series of online surveys assessing demographics, 

medical/psychiatric history, core features of autism, DST symptoms, co-occurring psychopathology, somatic 

symptom burden, and quality of life, for which they were compensated $10 USD in Amazon gift codes upon 

completion. Rigorous data quality checks were implemented (including use of SPARK diagnostic validity 

indices, cross-checking of study-specific demographics with SPARK demographics, and exclusion of ñlikely 

invalid psychiatric diagnosisò items embedded in the clinical history form), and the original sample of 1178 

individuals with sufficient data on all DST measures (i.e., no dropout before the end of those measures) was 

reduced to 936 with valid survey responses. In addition to the companion article, participants in the current 

study overlapped over 95% with one additional published study from this same SPARK project (Williams, 

Cascio, et al., 2023) and overlapped completely with the autistic sample used in a psychometric validation 

study of one of the questionnaires used in the current investigation (Williams, Cascio, et al., 2022). All 

participants gave informed consent, and all study procedures were approved by the institutional review board 

at Vanderbilt University Medical Center. 

3.2.2 Measures  

3.2.2.1 DST Disorder Operationalization 

Classifications (i.e., ñdiagnosesò) of hyperacusis and misophonia were assigned using 

questionnaire-based algorithms identical to the previous study of the prevalence and clinical features of these 

conditions in the same sample (Chapter 2) To meet criteria for clinically significant hyperacusis, an individual 

had to (a) endorse a binary screening question modified from the 2014 National Health Interview Survey 

(Zelaya et al., 2015); (b) report clinically significant amounts of loudness intolerance and/or pain on one of 

two items from the Inventory of Hyperacusis Symptoms (IHS; Greenberg & Carlos, 2018) or a novel item 

about the frequency of sound-induced ear pain; (c) demonstrate significant avoidance of loud 

sounds/environments as indicated by another IHS item; and (d) indicate significant functional impairment 

from hyperacusis using a modified version of the hyperacusis screening/impact item from the European 

School for Interdisciplinary Tinnitus Research Screening Questionnaire (ESIT-SQ; Genitsaridi et al., 2019). 

To meet criteria for clinically significant misophonia, an individual had to meet all criteria listed in the Duke-

Vanderbilt Misophonia Screening Questionnaire (DVMSQ; Williams, Cascio, et al., 2022) screening 

algorithm. Notably, although a dimensional measure of phonophobia was used, we opted not to categorize 

individuals into binary phonophobia groups due to an inability to operationalize the key diagnostic criterion 

that an individualôs fear or anxiety be ñout of proportion to the actual danger caused by the specific sound 
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or situation (including the potential to provoke other symptoms such as hyperacusis pain)ò (Williams, 2022, 

p. 3). Thus, only hyperacusis and misophonia were assessed categorically in the current study.  

3.2.2.2 DST Symptom Measures 

3.2.2.2.1 Inventory of Hyperacusis Symptoms (IHS) 

The Inventory of Hyperacusis Symptoms (IHS; Greenberg & Carlos, 2018) is a 25-item self-report 

questionnaire assessing symptoms of hyperacusis as organized into five empirically-derived subscales: 

general loudness (3 items), emotional arousal (6 items), psychosocial impact (9 items), functional impact (5 

items), and communication (2 items). Although the measure has never before been validated in an autistic 

sample, it has been demonstrated to have strong reliability, as well as some degree of convergent/divergent 

validity in both in an online sample of individuals with self-reported tinnitus/hyperacusis (Greenberg & 

Carlos, 2018), as well as a clinical sample of individuals attending a specialist tinnitus/hyperacusis clinic in 

the United Kingdom (Aazh et al., 2021). It has also been used to assess hyperacusis symptoms and determine 

the prevalence of clinically significant hyperacusis in a prior study of autistic adults (Scheerer et al., 2024). 

Although designed to specifically assess hyperacusis, the IHS has not been formally tested in individuals 

with misophonia or other sound tolerance disorders; thus, it is unclear to what the degree the IHS subscales 

measuring emotional arousal and psychosocial/functional impact are confounded by misophonia severity or 

other forms of DST. Therefore, in addition to the IHS total score (range 25ï100), we also examined the 

ñgeneral loudnessò subscale score (IHS-LOUD; range 3ï12) in dimensional analyses of DST symptoms due 

to its lack of content overlap with misophonia and phonophobia measures. In the current sample, reliability 

was good for both the IHS total score ([Cronbachôs] Ŭ=0.961) and the IHS-LOUD score (Ŭ=0.823). 

3.2.2.2.2 Duke-Vanderbilt Misophonia Screening Questionnaire (DVMSQ) 

The Duke-Vanderbilt Misophonia Screening Questionnaire (Williams, Cascio, et al., 2022) is a brief 

self-report measure designed to assess the symptoms of misophonia proposed in the consensus definition of 

the disorder (Swedo et al., 2022) as well as the earlier Revised Amsterdam Criteria (Jager et al., 2020). The 

DVMSQ contains 19 multiple-choice items (one Yes/No ñscreeningò item and 20 Likert-type items), as well 

as two free-text fields that allow respondents to specify (a) the trigger sounds that cause misophonia-like 

reactions for them and (b) the physical sensations they experience after they hear trigger sounds. Respondents 

are first presented with a binary misophonia screening question (ñAre there specific sounds that you are 

extremely bothered by, even if they are not loud? Examples include: chewing, slurping, crunching, throat 

clearing, finger tapping, foot shuffling, keyboard tapping, rustling, nasal sounds, pen clicking, appliance 

humming, clock ticking, and animal sounds.ò). Individuals who endorse the aforementioned question will be 

asked to complete the remaining DVMSQ items. The remaining questions include 11 ñsymptomò items [10 

included in the scoring of the symptom subscale] and 7 ñimpairmentò items, all rated on a 5-point Likert 
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scale from 0ï4 (symptoms rated from ñNeverò to ñVery oftenò and impairment rated from ñNot at allò to 

ñAn extreme amountò). Notably, the version of the DVMSQ administered in the current study was a 

development version of the measure that included extra questions regarding perceived 

excessiveness/inappropriateness of misophonic reactions and effects of misophonic triggers on 

concentration, which were ultimately removed from the final scale and did not contribute to scoring or the 

screening algorithm (Williams, Cascio, et al., 2022). In addition to the DVMSQ categorical screening 

algorithm, the DVMSQ can be scored dimensionally, producing a total score as well as subscales for 

symptoms and impairment (Williams, Cascio, et al., 2022). In contrast to the IHS, this measure has been 

psychometrically validated in a sample of autistic adults, demonstrating strong reliability, convergent 

validity, and measurement invariance across multiple demographic categories, including between autistic and 

general population groups (Williams, Cascio, et al., 2022). Similar to the IHS, we opted to use both the total 

score of the DVMSQ (range: 0ï68) and DVMSQ symptom subscale (DVMSQ-SS; range: 0ï40) in the 

current dimensional analysis to ensure that misophonia symptoms were captured in a way that minimally 

overlapped with other forms of DST. In the current sample, reliability was good for both the DVMSQ total 

score (Ŭ=0.967) and the DVMSQ-SS (Ŭ=0.957). 

3.2.2.2.3 Duke Misophonia Questionnaire (DMQ) 

The Duke Misophonia Questionnaire (DMQ; Rosenthal et al., 2021) is an 86-item modular self-

report questionnaire that assesses a large number of misophonia-related constructs including specific triggers, 

trigger frequency, symptoms in response to misophonic triggers (affective, physical, cognitive), specific 

coping strategies (before, during, and after being triggered), misophonia-related impairment, and 

dysfunctional beliefs about misophonia. This measure was rigorously developed using a stakeholder-

informed design to generate a comprehensive item pool, and a preliminary psychometric study has 

established the latent structure, reliability, and convergent validity of the DMQ subscales in a sample of 

general-population adults (Rosenthal et al., 2021), although it has not been formally evaluated 

psychometrically in the autistic population. To reduce participant burden, the current study administered an 

abbreviated version of the DMQ (Williams, Cascio, et al., 2022) that included: (a) the trigger list (16 Yes/No 

items, including a ñnone of the aboveò option); (b) the ñfrequency of being triggeredò item (6-point Likert 

scale from 1=ñOnce per month or lessò to 6=ñ6 or more times per dayò); (c) a novel ñglobal impairmentò 

item (ñPlease rate the overall impact of ALL bothersome sounds on your life over the past month.ò) that was 

rated on a visual analog scale (VAS) ranging from 0=ñNo Effectò to 100=ñExtreme Effectò; (d) the 23 DMQ 

symptom scale (DMQ-SS) items (5 affective, 8 physiological, 10 cognitive; rated on a 5-point Likert scale 

from 0=ñNot at allò to 4=ñAlways/Almost alwaysò); and (e) the DMQ Impairment Scale (DMQ-IMP; 12 

items). Summary scores derived from the DMQ include the DMQ-SS total score (23 items; range 0ï4 [mean 
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item score]; current sample Ŭ=0.963), the DMQ-IMP total score (12 items; range 0ï4 [mean item score]; 

current sample Ŭ=0.955), and the total number of triggers endorsed (range 0ï15). Remaining items were 

included for descriptive/item-level analyses only. Notably, the DMQ-IMP total score allows individuals to 

be categorized into ñmisophonia impairment categoriesò based on level of reported impairment (Rosenthal 

et al., 2021) (0=ñnoneò; 0.01ï1.08=ñminimalïmildò; 1.09ï3.17=ñmoderateò; 3.18ï4.00=ñsevereò), which 

were also described in the current study for individuals meting DVMSQ misophonia criteria.  

3.2.2.2.4 DSM-5 Severity Scale for Specific PhobiaïModified for Phonophobia (DSM-Phono) 

The DSM-5 Severity Measure for Specific Phobia (Lebeau et al., 2012) is a 10-item scale published 

by the American Psychiatric Association to dimensionally assess symptoms of specific phobia in adults. 

Participants are first asked to determine which ñphobic objectsò (e.g., ñAnimals or insectsò; ñBlood, needles, 

or injectionsò) make them most anxious and to rate their symptoms over the past week when encountering 

situations/objects related to the chosen topic. The psychometric properties of the original DSM-SP have been 

established in both clinical and non-clinical adult samples (Knappe et al., 2013, 2014; Lebeau et al., 2012). 

A modified version of the DSM-SP (the DSM-Phono) was used in the current study to assess phonophobia 

rather than other phobias (Williams, 2021; Williams, Cascio, et al., 2022). Modifications to the scale included 

omitting the choice of phobic topics from the directions and administering the following instructions: ñThe 

following questions ask about thoughts, feelings, and behaviors that you may have had in a variety of 

situations. Over the PAST SEVEN DAYS, how often have you experienced the following regarding situations 

when you are exposed to loud or unpleasant sounds?ò No changes to the DSM-SP questions or response 

options themselves were made, and the scoring of the questions remained the same (total score range: 0ï4 

[mean item score]). This measure has been used to operationalize dimensional phonophobia symptoms 

previously in a sample of general population adults (Williams, Cascio, et al., 2022), although its psychometric 

properties have never been formally evaluated in the peer reviewed literature beyond its reliability in that 

sample, which was high (Ŭ=0.925). Reliability in the current sample of autistic adults was also high for the 

DSM-Phono total score (Ŭ=0.928).  

3.2.2.3 Measures of Clinical Correlates 

Several additional self-report questionnaires were collected as part of the SPARK Research Match 

study in order to further characterize the sample and determine the clinical correlates of DST disorders in 

autistic adults. Autistic traits were assessed using the Social Responsiveness ScaleïSecond Edition, Adult 

Self Report (SRS-2; Bruni, 2014; Constantino & Gruber, 2012), from which we derived total T-scores (65 

items; M=50, SD=10 in the general population; current sample Ŭ=0.948). Current symptoms of attention-

deficit/hyperactivity disorder (ADHD) were assessed using the Adult ADHD Self-report Scale Symptom 

Checklist, version 1.1 (Kessler et al., 2005; Ziobrowski et al., 2023), from which unweighted total scores 



99 

   

 

99 

were used (18 items; range 0ï72; current sample Ŭ=0.918). Co-occurring psychopathology was assessed with 

Patient-reported Outcome Measures Information System (PROMIS) Emotional Distress short forms 

(Pilkonis et al., 2011), including PROMIS Depression Short Form 8a (8 items; T-score metric; current sample 

Ŭ=0.951), PROMIS Anxiety Short Form 8a (8 items; T-score metric; current sample Ŭ=0.946), and PROMIS 

Anger Short Form 5a (5 items; T-score metric; current sample Ŭ=0.906). Multi-system somatic symptom 

burden (from any cause) was assessed with the Somatic Symptom Scaleï8 (SSS-8; Gierk et al., 2014), from 

which total scores were derived (8 items; range: 0ï32; current sample Ŭ=0.828). Lastly, health-related quality 

of life was assessed using the 10ïitem PROMIS Global Health Short Form (PROMIS GH-10)(Hays et al., 

2009), from which an autism-specific latent trait score was derived to capture the ñgeneral quality of lifeò 

factor assessed by the measure (using the calculator and scoring method published at 

https://asdmeasures.shinyapps.io/promis_qol; Williams, Cascio, et al., 2023). Latent trait scores from the 

PROMIS GH-10 were presented on a T-score metric (M=50, SD=10 in the autistic population; note that the 

normative sample used to generate T-scores came from the same SPARK Research Match project as the 

current study and included over 95% of the same participants), and the mean reliability for all individual 

PROMIS GH-10 scores, derived from item response theory, was found to be good (mean rxx=0.856, 

IQR=[0.820, 0.894]).  

3.2.3 Data Analysis 

All statistical analyses were conducted in the R statistical computing environment, version 4.3.0 (R 

Core Team, 2023), with many of the models based on functions from the openly-available ZPack.Bayes 

collection of functions written by the first author (Williams, 2024). 

3.2.3.1 Correlational Analyses 

To examine the dimensional associations between theoretically separate clusters of DST 

symptomatology across the full sample of autistic adults, we estimated zero-order (Pearson/polyserial) 

correlations between the following measures in an exploratory manner: IHS total score, IHS-LOUD score, 

hyperacusis pain frequency (novel item), DVMSQ total score, DVMSQ-SS score, DMQ-SS score, DMQ-

IMP score, DMQ trigger count, and DSM-Phono total score. Correlations between these measures and 

autistic traits (SRS-2 total T-score), ADHD symptoms (ASRS total score), and anxiety (PROMIS Anxiety 

T-score) were also included in the correlation matrix in order to demonstrate the magnitudes of correlations 

between DST domains and non-DST constructs that are still expected to be theoretically related. All 

correlations were estimated using Bayesian bootstrapping (Rubin, 1981), with posterior means and 95% 

highest-density credible intervals [CrIs] of 5,000 reweighted samples generated based on the implementation 

of the BBcor R package (Rodriguez & Williams, 2022). The use of Bayesian bootstrapping allowed for the 

accurate generation of CrIs with the only distributional assumptions regarding the input variables being the 



100 

   

 

100 

underlying normality assumption of the latent variable (for ordinal variables only) inherent in the calculation 

of polyserial correlations.  This process was implemented in the cor.bb function within ZPack.Bayes 

(Williams, 2024).  

3.2.3.2 Group Comparisons 

In order to assess the clinical/demographic correlates of hyperacusis and misophonia in autistic 

adults, we additionally examined associations of each of these disorders (defined as present or absent, 

according to whether an individual met case status) with a number of reported demographic variables (e.g., 

age, sex, educational attainment), clinical variables (e.g., tinnitus status, hearing loss diagnosis, traumatic 

brain injury history), and dimensional outcome measures (limited to PROMIS Depression, PROMIS Anxiety, 

and DSM-Phono for zero-order associations). These comparisons were conducted in a Bayesian framework 

using analogs of standard frequentist hypothesis tests (Gûnel-Dickey contingency table tests (Gûnel & 

Dickey, 1974; Jamil et al., 2017) [similar to Pearson chi-squared tests] for categorical outcomes, a Bayesian 

analogue of the Welch [unequal-variances] t-test (Kruschke, 2013) for continuous outcomes, and Bayesian 

univariate ordered-probit regression models (Bürkner & Vuorre, 2019; Liddell & Kruschke, 2018) for ordinal 

outcomes). All tests produced effect size parameters of interest (odds ratios [OR] for categorical data, 

standardized mean difference [d]  for continuous and ordinal data) alongside a 95% CrI for that parameter, 

the probability of direction (Pd; i.e., the probability that d is of the same sign [positive or negative] as its point 

estimate; in the case of OR, this refers to the probability that OR falls on the same side of 1 as its point 

estimate), and a Bayes factor (BF) testing that parameter against a region of practical equivalence (ROPE, 

i.e., an interval null region of [-0.1, 0.1] for d or [0.833, 1.20] for OR), denoted BFROPE (Liao et al., 2021; 

Linde et al., 2023; Makowski et al., 2019). Per standard guidelines, values of BFROPE>3 indicated a 

statistically significant group difference, values of BFROPE<1/3 indicated statistically equivalent parameters, 

and values between 1/3 and 3 indicated weak and inconclusive evidence for one hypothesis over the other 

(Wagenmakers et al., 2011). Other than ROPE regions, the technical details and test parameters (likelihoods, 

prior distributions, Markov chain Monte Carlo specifications, and numbers of posterior samples) in those 

tests are exactly the same as those published in our prior work (Williams, Suzman, et al., 2021a; see also 

Chapter 2) and we refer interested readers to those papers for additional methodological detail. 

3.2.3.3 Regression Analyses 

In order to examine the potential clinical utility of categorical diagnostic labels of hyperacusis and 

misophonia in the autistic population (i.e., the ability of these diagnosable conditions to explain meaningful 

heterogeneity in clinical outcomes), we conducted regression analyses in which the incremental predictive 

power of hyperacusis and misophonia was tested once accounting for variance explained by more frequently-

ascertained clinical and demographic predictors (age, sex, gender minority status, PROMIS Anxiety T-score, 
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PROMIS Depression T-score, and the other DST condition). Of note, anxiety and depression were included 

as covariates in these models due to the associations of these common psychopathologies with a wide range 

of outcomes, including hyperacusis and misophonia (Blaesing & Kroener-Herwig, 2012; Cassiello-Robbins 

et al., 2021; A. L. Smit et al., 2021; Wu et al., 2014), and we hoped to observe only relations between DST 

disorders and outcomes that went above and beyond any associations that could be attributed to comorbid 

depression or anxiety. Outcomes of interest in these regression models included autistic traits (SRS-2), 

ADHD symptoms (ASRS), anger symptoms (PROMIS Anger), somatic symptom burden (SSS-8), quality of 

life (PROMIS GHï10), presence of self-reported synesthesia (binary item), history of traumatic brain injury 

(binary outcome), presence of tactile allodynia on/near the ear (binary outcome), migraine frequency (5-point 

ordinal scale from ñNoò [not endorsing migraines] to ñYes, daily or multiple times dailyò), tinnitus (binary 

outcome), tinnitus disorder (binary outcome), diagnosed hearing loss (binary outcome), speech-in-noise 

difficulty (ordinal 6-point Likert item [Strongly Disagree to Strongly Agree]), phonophobia symptoms 

(DSM-Phono), number of professionally-diagnosed psychiatric or neurodevelopmental conditions beyond 

autism (count), number of professionally-diagnosed functional somatic syndromes (count), number of types 

of ear protection used ñin everyday situations like doing housework or grocery shoppingò (0ï3 ordinal; sum 

of items ñNoise-canceling headphones,ò ñOver-ear headphones without noise cancellation,ò and ñInsert 

earplugsò), and whether the participant had sought medical care for DST symptoms previously (binary 

outcome).  

Models were fit in a Bayesian framework using the brms R package (Bürkner, 2017), with student-

t likelihoods used for continuous variables, cumulative likelihoods with probit link used for ordinal variables, 

Poisson likelihoods with log link for count variables, and Bernoulli likelihoods with logit link used for binary 

variables. Prior distributions included a t3(0, 2.5) distribution on all intercepts, Normal(0, 0.5) distributions 

on all slope parameters (continuous variables and outcomes were normalized before model fitting), a 

gamma(2, 0.1) distribution on u (the df parameter for the t distribution), and exponential(1) on s (the residual 

standard deviation parameter for the t distribution). Missing data (<5% of the included sample for each 

variable) were handled using 5-fold multiple imputation using random forests, as implemented in the 

missForest R package.(Stekhoven, 2022; Stekhoven & Buehlmann, 2012) ROPE values of [-0.1, 0.1] were 

used for standardized regression coefficients and [0.833, 1.2] for odds ratios (ORs) and incidence rate ratios 

(IRRs), with BFROPE values based on these regions and the aforementioned priors used to formally test each 

coefficient for practical significance. 

3.2.3.4 Post Hoc Analyses 

Based on our pattern of significant univariate results, we also fit two post-hoc regression models 

(with the outcomes of sex and gender minority status) to determine the differential association of hyperacusis 
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and misophonia with each of these correlates. Predictors in these models were the same as other regressions, 

excluding the predictor that was used as an outcome in the model (e.g., for the ñsexò model, predictors 

included age, gender minority status, PROMIS Anxiety T-score, PROMIS Depression T-score, hyperacusis 

status, and misophonia status). The model fitting and evaluation process was identical to the other regression 

models.  

3.2.4 Results 

3.2.4.1 Descriptive Statistics 

Basic demographic and clinical data for individuals in the current sample (as well as hyperacusis, misophonia, 

and hyperacusis+misophonia subgroups) are reported in Table 3.1. Further description of this sample can be 

found in Chapter 2, although it is notable that this sample (N=936, mean age 37.49 years, age range 18ï80 

years) was predominantly non-Hispanic White (80.1%; 77.1ï78.3% of hyperacusis/misophonia groups), 

assigned female at birth (63.0%), college-educated (48.2% completed a 4-year college degree or more), and 

diagnosed with autism in adulthood (median age of diagnosis = 23.21 years; 38.7% diagnosed before 18 

years of age; 6.6% diagnosed before 4 years of age). Using the hyperacusis and misophonia case 

ascertainment criteria outlined previously, 377 autistic adults (40.3% of the sample) met the criteria for 

hyperacusis, 332 (35.5%) met the criteria for misophonia, and 253 (27.0% of the whole sample) met criteria 

for both disorders simultaneously.  

3.2.4.2 Correlation Analyses 

Within the autistic sample, all DST measures correlated very strongly with one another, with all 

correlations reaching the threshold for statistical significance (see Table 3.2 for full correlation matrix). 

Correlations between all DST subdimensions and PROMIS depression and anxiety scofes were moderately  

high (Supplemental Figure 3.2). Notably, correlations between ostensibly different dimensions of DST 

symptomatology, such as between the IHS total score and DVMSQ total score (r=0.73, CrI95% [0.70, 0.77]), 

were higher than expected, and these correlations were only modestly attenuated when using more symptom-

specific subscales instead of total scores (e.g., IHS-LOUD vs. DVMSQ-SS: r=0.63, CrI95% [0.59, 0.67]). The 

DSM-Phono scale in particular correlated quite highly (r>0.75) with both the IHS total score and both 

subscales of the DMQ, more than either of those measures correlated with other measures of hyperacusis or 

misophonia, respectively. Conversely, the single item regarding pain hyperacusis frequency had more modest 

correlations with all other DST measures except the IHS total score and IHS-LOUD scale, which both include 

an item tapping sound-induced pain. Although items tapping DST correlated strongly with each other and 

did not discriminate well between the different dimensions, the mean correlation of each scale with all other 

DST scales (range: 0.53ï0.72) was higher than the mean correlation of those same scales with the SRS-2 T-
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Table 3.1: Demographic and Clinical Characteristics of the Sample and Hyperacusis/Misophonia Subgroups 

 
 

  

Full Sample 

(N=936) 

Hyperacusis 

(n=377) 

Misophonia 

(n=332) 

Hyperacusis + 

Misophonia (n=253) 

Age (years) 37.49 (13.28) 37.49 (12.30) 37.19 (12.40) 37.41 (12.36) 

Male 346 (37.0%) 84 (22.3%) 71 (21.4%) 52 (20.6%) 

Female 590 (63.0%) 293 (77.7%) 261 (78.6%) 201 (79.4%) 

Gender minority (transgender/non-binary) 122 (13.0%) 72 (19.1%) 74 (22.3%) 59 (23.3%) 

Hispanic/Latino ethnicity 67 (7.2%) 31 (8.2%) 27 (8.1%) 21 (8.3%) 

Race         

     White 854 (91.2%) 346 (91.8%) 307 (92.5%) 233 (92.1%) 

     American Indian/Alaska Native 57 (6.1%) 32 (8.5%) 30 (9.0%) 25 (9.9%) 

     Asian 38 (4.1%) 15 (4.0%) 16 (4.8%) 12 (4.7%) 

     Black/African American 40 (4.3%) 18 (4.8%) 17 (5.1%) 16 (6.3%) 

     Middle Eastern/North African 8 (0.85%) 4 (1.1%) 5 (1.5%) 4 (1.6%) 

     Native Hawaiian/Pacific Islander 4 (0.43%) 3 (0.8%) 3 (0.9%) 3 (1.2%) 

     Other Race 17 (1.8%) 8 (2.1%) 5 (1.5%) 4 (1.6%) 

Educational Attainment         

     No high school diploma 15 (1.6%) 6 (1.59%) 6 (1.81%) 5 (1.98%) 

     High school diploma/general education development 123 (13.1%) 35 (9.28%) 36 (10.8%) 23 (9.09%) 

     Vocational certificate 34 (3.63%) 20 (5.31%) 13 (3.92%) 11 (4.35%) 

     Some college 217 (23.2%) 100 (26.5%) 93 (28.0%) 73 (28.9%) 

     Associate degree 96 (10.3%) 46 (12.2%) 34 (10.2%) 30 (11.9%) 

     Bachelor's degree 221 (23.6%) 80 (21.2%) 71 (21.4%) 53 (20.9%) 

     Some graduate/professional school 53 (5.66%) 24 (6.37%) 19 (5.72%) 15 (5.93%) 

     Graduate/professional degree 177 (18.9%) 66 (17.5%) 60 (18.1%) 43 (17.0%) 

Age of autism diagnosis (years) 25.43 (16.45) 26.55 (14.95) 26.21 (15.12) 26.41 (14.94) 

Psychiatric diagnoses (excluding autism) 1.78 (1.40) 2.13 (1.43) 2.18 (1.44) 2.25 (1.44) 

Functional somatic syndrome diagnoses 0.67 (1.14) 0.97 (1.33) 0.97 (1.32) 1.03 (1.37) 

Putative risk factors for sound tolerance disorders         

     Tinnitus 408 (43.6%) 211 (56.0%) 183 (55.1%) 146 (57.7%) 

     Tinnitus disorder 307 (32.8%) 178 (47.2%) 158 (47.6%) 130 (51.4%) 

     Hearing loss (diagnosed) 72 (7.69%) 31 (8.22%) 23 (6.93%) 18 (7.11%) 

     Sudden hearing loss (not necessarily diagnosed) 61 (6.52%) 33 (8.75%) 29 (8.73%) 22 (8.7%) 

     Migraine (at least one episode per week) 142 (15.2%) 81 (21.5%) 73 (22.0%) 61 (24.1%) 

     Traumatic brain injury (with loss of consciousness) 220 (23.5%) 107 (28.4%) 96 (28.9%) 74 (29.2%) 

     Ruptured eardrum 89 (9.51%) 41 (10.9%) 36 (10.8%) 31 (12.3%) 

     History of pressure equalization tubes 125 (13.4%) 46 (12.2%) 38 (11.4%) 29 (11.5%) 

Continuous/count variables are presented as M (SD), whereas other variables are presented as n (%) within each group. All data were self-reported on the study-

specific demographics survey, with the exception of age of autism diagnosis, which was gathered from SPARK demographics. Functional somatic syndromes 

refer to diagnoses such as fibromyalgia, irritable bowel syndrome, interstitial cystitis, and myalgic encephalomyelitis/chronic fatigue syndrome. 
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score, ASRS total score, and PROMIS Anxiety T-score (range: 0.40ï0.60) for every DST measure (Table 

3.2). Moreover, within-scale differences between DST/DST correlations and DST/non-DST correlations 

(k=90) had on average an 87% posterior probability of the DST/DST correlation being larger (Mdn Pd=1.00, 

IQR [0.938, 1.00]), with 70% of these pairwise differences demonstrating statistical significance (Pd>.975). 

The DST/DST and DST/non-DST correlation pairs that did not significantly differ in magnitude were most 

often those that (a) compared associations between misophonia and sound-induced pain to either variable 

and a non-DST variable, and (b) compared the correlation of a scale with the DSM-Phono to that scaleôs 

correlation with the PROMIS Anxiety T-score.   

3.2.4.3 Group Comparisons 

The demographic and clinical correlates of hyperacusis and misophonia status are presented in 

Figure 3.1 (see also Supplemental Table 3.4). Presumably due to the high overlap between DST disorders in 

the present sample, all variables found to significantly associate with hyperacusis (i.e., BFROPE>3) also 

significantly associated with misophonia and vice versa, and effect sizes were typically quite similar between 

the two disorders. Both conditions were found to be significantly related to (a) female sex, (b) identification 

as a gender minority (i.e., transgender or non-binary), (c) number of psychiatric diagnoses, (d) number of 

functional somatic syndrome diagnoses, (e) tinnitus, (f) tinnitus disorder, (g) speech-in-noise difficulty 

(assessed using a single six-point Likert item), (h) self-reported migraine (occurring at least once per week), 

(i) self-reported synesthesia (based on a single-item that included a definition of the condition), (j) self-

reported tactile allodynia in or around the ear, (k) anxiety symptoms (PROMIS Anxiety T-score), (l) 

depression symptoms (PROMIS Depression T-score), (m) phonophobia symptoms (DSM-Phono), (n) use of 

any ear protection (i.e., insert earphones, over-ear headphones, or active noise canceling headphones) in daily 

activities, and (o) seeking medical care for symptoms of DST. Although not reaching the threshold for 

practical significance, both conditions also showed significant positive associations with self-reports of 

sudden hearing loss (Pd>.979; BFROPE>0.739) and prior traumatic brain injury with loss of consciousness 

(Pd>0.998; BFROPE>1.36). Remaining demographic and clinical factors, namely age, race, ethnicity, level of 

education, age at autism diagnosis, diagnosed hearing loss, prior ruptured eardrum, and history of pressure 

equalization tubes were found to be equivalent across groups based on DST disorder status. 

3.2.4.4 Regression Analyses 

Focal parameters of the regression models are presented in Table 3.3. After controlling for 

demographic features, anxiety, and depression, both DST disorders simultaneously covaried with 

significantly greater levels of self-reported autistic traits, ADHD symptoms, and phonophobia symptoms 

(ds=0.247ï0.579), as well as significantly greater odds of seeking medical help for oneôs DST symptoms 

(ORs=1.60ï1.94). However, unlike in the univariate analyses, several outcomes were differentially 
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associated with the two conditions, with only one demonstrating a practically significant effect. Somatic 

symptoms (SSS-8 scores) were significantly greater in those endorsing hyperacusis (d=0.321, CrI95% [0.199, 

0.442], Pd>.999, BFROPE=6.64³103), although the smaller effect of misophonia status on this outcome reached 

a level of statistical but not practical significance (d=0.168, CrI95% [0.042, 0.295], Pd=.995, BFROPE=1.10). 

Nevertheless, there was a 92.5% posterior probability of the effect of hyperacusis on somatic symptom 

burden being larger than that of misophonia. Similarly, ear protection use (assessed on a 0ï3 ordinal scale), 

was significantly higher in individuals with hyperacusis (dord=0.627, CrI95% [0.448, 0.803], Pd>.999, 

BFROPE=3.07³106). Again, while a statistically significant association was observed with misophonia as well, 

the effect was much smaller and did not rise to the level of practical significance (dord=0.232, CrI95% [0.046, 

0.414], Pd=.993, BFROPE=2.17).  

The effect of hyperacusis on this outcome had a 99.5% posterior probability of being larger for 

hyperacusis than misophonia. Individuals with hyperacusis, but not those with misophonia, also self-reported 

substantially higher rates of speech-in-noise difficulties, as assessed by a single Likert item (dord=0.771, 

CrI95% [0.585, 0.961], Pd>.999, BFROPE=7.13³107; >99.9% probability of larger hyperacusis effect). 

Conversely, PROMIS Anger symptoms were significantly higher in the misophonia group, a pattern which 

wasnôt observed in individuals with hyperacusis (d=0.294, CrI95% [0.186, 0.399], Pd>.999, BFROPE=1.22³103; 

99.6% chance of larger misophonia effect). Hyperacusis alone (but not misophonia) was significantly related 

to an increased prevalence of tinnitus, tinnitus disorder, and synesthesia (ORs=1.63ï2.22), as well as 

increased numbers of FSS diagnoses (IRR=1.35, CrI95% [1.13, 1.63], Pd=.997, BFROPE=3.44), with the 

posterior probabilities of hyperacusis effects being larger in each of those cases ranging between 82.9ï97.2%.  

Higher migraine frequency was statistically associated with both hyperacusis (dord=0.211, CrI95% [0.037,  

0.388], Pd=.990, BFROPE=1.55) and misophonia (dord=0.209, CrI95% [0.022, 0.389], Pd=.987, BFROPE=1.34), 

although neither of these effects reached the threshold for practical significance. Additionally, neither 

condition was significantly associated with quality of life (PROMIS GH-10), diagnosed hearing loss, 

traumatic brain injury, or number of psychiatric diagnoses (Table 3.3). 

Post-hoc regression models were also conducted to examine associations of each condition with sex 

and gender minority status, given the significant univariate results and ambiguity about whether one or both 

of the DST conditions were associated with these demographic variables in a multivariate context. With 

regard to sex, autistic adults assigned female at birth demonstrated significantly elevated rates of both 

hyperacusis (OR=1.81, CrI95% [1.31, 2.51], Pd>.999, BFROPE=58.7) and misophonia (OR=1.67, CrI95% [1.18, 

2.35], Pd=.998, BFROPE= 12.5) after controlling for age, gender minority status, anxiety, depression, and the  

other DST condition. However, in the multivariate model for gender minority status, only misophonia
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Table 3.2: Correlations Between Decreased Sound Tolerance Measures and Selected Clinical Outcomes Across the Full Sample 

 

  IHS Total  IHS-LOUD PAINHYP  
DVMSQ 

Total 
DVMSQ-SS DMQ-SS DMQ-IMP  

DMQ 

Triggers 

DSM-

Phono 
SRS-2 ASRS Total 

PROMIS-

ANX 

IHS Total  ð [0.84, 0.88] [0.56, 0.65] [0.70, 0.77] [0.62, 0.70] [0.81, 0.86] [0.77, 0.82] [0.57, 0.66] [0.78, 0.82] [0.55, 0.63] [0.53, 0.62] [0.58, 0.67] 

IHS LOUD 0.86 ð [0.62, 0.71] [0.65, 0.72] [0.59, 0.67] [0.68, 0.75] [0.60, 0.68] [0.54, 0.63] [0.65, 0.72] [0.51, 0.61] [0.47, 0.58] [0.46, 0.56] 

PAINHYP  0.61 0.66 ð [0.45, 0.56] [0.40, 0.51] [0.50, 0.60] [0.43, 0.54] [0.39, 0.51] [0.46, 0.57] [0.32, 0.44] [0.33, 0.46] [0.35, 0.48] 

DVMSQ Total 0.73 0.68 0.51 ð [0.97, 0.98] [0.71, 0.78] [0.57, 0.66] [0.62, 0.70] [0.57, 0.67] [0.44, 0.54] [0.41, 0.51] [0.42, 0.52] 

DVMSQ Sx 0.66 0.63 0.45 0.97 ð [0.65, 0.73] [0.45, 0.55] [0.58, 0.66] [0.48, 0.58] [0.39, 0.50] [0.37, 0.48] [0.36, 0.47] 

DMQ Sx 0.83 0.72 0.56 0.74 0.69 ð [0.74, 0.80] [0.59, 0.67] [0.76, 0.82] [0.51, 0.60] [0.48, 0.58] [0.60, 0.68] 

DMQ IMP  0.79 0.64 0.48 0.62 0.50 0.77 ð [0.53, 0.63] [0.74, 0.80] [0.50, 0.58] [0.44, 0.54] [0.53, 0.61] 

DMQ Triggers 0.62 0.59 0.45 0.66 0.62 0.63 0.59 ð [0.44, 0.55] [0.39, 0.50] [0.39, 0.50] [0.40, 0.50] 

DSM Phono 0.80 0.68 0.52 0.63 0.53 0.79 0.77 0.49 ð [0.49, 0.58] [0.47, 0.57] [0.56, 0.65] 

SRS-2 0.59 0.56 0.38 0.49 0.44 0.55 0.54 0.45 0.53 ð [0.57, 0.65] [0.51, 0.60] 

ASRS Total 0.57 0.53 0.40 0.46 0.42 0.53 0.49 0.45 0.52 0.61 ð [0.49, 0.59] 

PROMIS-ANX 0.63 0.51 0.42 0.47 0.42 0.64 0.57 0.45 0.61 0.56 0.54 ð 

Mean ra 0.68 0.62 0.49 0.60 0.54 0.68 0.61 0.54 0.62 0.52 0.50 0.53 

Mean DST ra 0.72 0.66 0.53 0.65 0.58 0.72 0.64 0.58 0.65 0.50 0.48 0.52 

Mean Non-DST r 0.60 0.53 0.40 0.47 0.43 0.58 0.53 0.45 0.55 0.58 0.58 0.55 

Note. Point estimates (posterior mean correlations) are presented below the diagonal, whereas 95% highest-density credible intervals are presented above the diagonal. 

All correlations were statistically significant. IHS = Inventory of Hyperacusis Symptoms; IHS-LOUD = IHS ñGeneral Loudnessò subscale; DVMSQ = Duke-

Vanderbilt Misophonia Screening Questionnaire; DMVSQ-SS = DVMSQ Symptom Subscale; DMQ = Duke Misophonia Questionnaire; DMQ-SS = DMQ Symptom 

Subscale; DMQ-IMP = DMQ Impairment Subscale; DMQ Triggers = Count of misophonia triggers from the DMQ; DSM-Phono = Specific Phobia Severity Scale for 

DSM-5, modified for Phonophobia; SRS-2 = Social Responsiveness ScaleïSecond Edition Total T-score; ASRS = Adult ADHD Self-report Scale; PROMIS-ANX = 

Patient Reported Outcome Measures Information System Anxiety Short-form T-score; DST = Decreased Sound Tolerance measure (i.e., all measures except SRS-2, 

ASRS, and PROMIS-ANX). 
a Excludes diagonal and within-measure correlations greater than r=0.85 (e.g., between a subscale and total score). 
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Figure 3.1: Univariate Associations between Categorical Decreased Sound Tolerance Disorders and Demographic/Clinical Outcomes of Interest 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(A) Associations with categorical outcomes, indexed by odds ratios (ORs); (B) Associations with continuous/ordinal outcomes, indexed by standardized mean differences (d or dord). Gray 

rectangles indicate the region of practical equivalence (ROPE). All effects are presented as their posterior medians and 95% highest-density credible intervals (CrIs). Practically 

significant associations (BFROPE>3) are bolded.  DST = Decreased Sound Tolerance; PE Tubes = Pressure Equalization Tubes; FSS = Functional Somatic Syndrome.
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Table 3.3: Regression-based Associations between Decreased Sound Tolerance Disorders and Clinical Outcomes 

 

Variable 
Association with Hyperacusis Association with Misophonia Difference 

Effect [95% CrI]  Pd BFROPE Effect [95% CrI]  Pd BFROPE Pd,(HypïMiso) 

Autistic Traits (SRS-2) d = 0.320 [0.196, 0.443] >0.999 684 d = 0.314 [0.184, 0.443] >0.999 220 0.521 

ADHD Symptoms (ASRS) d = 0.247 [0.120, 0.374] >0.999 15.6 d = 0.283 [0.149, 0.414] >0.999 51.9 0.626a 

Somatic Symptoms (SSS-8) d = 0.321 [0.199, 0.442] >0.999 6.64³103 d = 0.168 [0.042, 0.295] 0.995 1.10 0.925 

Anger (PROMIS Anger) d = 0.058 [-0.047, 0.158] 0.866 0.051 d = 0.294 [0.186, 0.399] >0.999 1.22³103 0.996a 

Quality of Life (PROMIS-

GH10) 
d = -0.046 [-0.166, 0.071] 0.771 0.045 d = -0.120 [-0.245, 0.003] 0.971 0.315 0.761a 

Tinnitus (binary) OR = 1.63 [1.19, 2.21] 0.999 14.2 OR = 1.19 [0.862, 1.64] 0.851 0.377 0.881 

Tinnitus disorder (binary) OR = 1.77 [1.29, 2.45] >0.999 43.0 OR = 1.36 [0.967, 1.88] 0.964 1.31 0.829 

Hearing loss (binary) OR = 1.16 [0.693, 1.92] 0.711 0.476 OR = 0.759 [0.446, 1.29] 0.845 0.841 0.833 

Speech-in-noise (single item) dord = 0.771 [0.585, 0.961] >0.999 7.13³107 dord = 0.078 [-0.114, 0.277] 0.783 0.153 >0.999 

Phonophobia (DSM-Phono) d = 0.579 [0.471, 0.689] >0.999 5.05³109 d = 0.460 [0.343, 0.574] >0.999 4.28³106 0.893 

Migraine frequency (ordinal) dord = 0.211 [0.037, 0.388] 0.990 1.55 dord = 0.209 [0.022, 0.389] 0.987 1.34 0.506 

Synesthesia (binary) OR = 2.22 [1.52, 3.26] >0.999 512 OR = 1.20 [0.816, 1.76] 0.822 0.451 0.972 

Tactile allodynia on/near ear OR = 1.71 [1.17, 2.48] 0.997 12.0 OR = 0.869 [0.593, 1.28] 0.764 0.344 0.983 

Traumatic brain injury OR = 1.21 [0.855, 1.73] 0.856 0.456 OR = 1.15 [0.798, 1.65] 0.774 0.321 0.566 

Psychiatric diagnoses (count) IRR = 1.07 [0.950, 1.20] 0.877 0.011 IRR = 1.01 [0.899, 1.14] 0.582 0.001 0.709 

FSS diagnoses (count) IRR = 1.35 [1.13, 1.63] 0.997 3.44 IRR = 1.16 [0.963, 1.40] 0.939 0.223 0.833 

Ear protection types (count) dord = 0.627 [0.448, 0.803] 0.999 3.07³106 dord = 0.232 [0.046, 0.414] 0.993 2.17 0.995 

Medical care for DST (binary) OR = 1.94 [1.32, 2.89] >0.999 49.6 1.60 [1.07, 2.36] 0.990 4.76 0.723 

All effects based on Bayesian student-t regression models, ordered-probit regression models, poisson regression models, or binary logistic regression models (based on the type of 

outcome) controlling for age, sex, gender minority status, anxiety (PROMIS Anxiety T-score), depression (PROMIS Depression T-score), and the other decreased sound tolerance 

condition (hyperacusis and misophonia effects for a given outcome derived from the same model). SRS-2 = Social Responsiveness ScaleïSecond Edition; ASRS = Adult ADHD Self-

report Scale; SSS-8 = Somatic Symptom Scaleï8; PROMIS-GH10 = Patient Reported Outcomes Measurement Information System, 10-item Global Health Short Form; DSM-Phono = 

Specific Phobia Severity Scale for DSM-5, modified for Phonophobia; FSS = Functional Somatic Syndrome; DST = Decreased Sound Tolerance; Pd = Probability of Direction; Pd,(Hypï

Miso) = Probability of Direction for the difference between hyperacusis and misophonia regression slopes (values greater than 0.9 presented in bold); BFROPE = Region of Practical 

Equivalence Bayes Factor; dord = ordinal standardized mean difference; IRR = Incidence Rate Ratio. 
a Value represents the posterior probability that the misophonia effect is greater in magnitude than the hyperacusis effect. 
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remained significantly predictive of this outcome (OR=2.01, CrI95% [1.31, 3.11], Pd>.999, BFROPE=41.6), 

with the effect for hyperacusis now inconclusive (OR=1.31, CrI95% [0.849, 1.99], Pd=0.892, BFROPE=0.845) 

and an 88.3% posterior probability of the misophonia effect being larger. 

3.3 Discussion 

Decreased sound tolerance disorders such as hyperacusis and misophonia represent an understudied 

aspect of the autism phenotype that can lead to substantial distress and disability for autistic people across 

the lifespan. The present study is the largest and most systematic assessment of the correlates of these 

conditions in the autistic population to date, and one of the only investigations to clearly delineate the 

separable DST conditions of hyperacusis and misophonia in autistic individuals. As we have demonstrated 

in Chapter 2 using categorical diagnoses of hyperacusis and misophonia, there is a strong association between 

these two disorders in the autistic adult population, which we have now replicated using several dimensional 

symptom measures as well. Because of this strong overlap between DST conditions in autistic adults 

specifically, all putative correlates of either hyperacusis or misophonia, when significantly associated with 

one disorder, were found to be significantly associated with the other as well, and only when conducting 

regression analyses that included both DST diagnoses simultaneously could differential associations with 

clinical outcomes be ascertained. Although we did find that several demographic/clinical outcomes (i.e., sex, 

autistic traits, ADHD symptoms, phonophobia symptoms, and likelihood of seeking medical care for DST) 

were associated with both disorders in our regression models, five outcomes (somatic symptom burden, 

speech-in-noise difficulties, synesthesia, tactile allodynia, and types of ear protection used) demonstrated 

over a 90% posterior probability of a larger effect of hyperacusis than misophonia in our models. Conversely, 

only one outcome (anger symptoms) had a similarly strong probability of a stronger association with 

misophonia. Given stronger associations of hyperacusis status with a number of clinical outcomes when 

compared misophonia in the autistic population, these findings provide preliminary evidence that hyperacusis 

may represent a more impactful DST phenotype with a larger number of potential downstream effects (see 

also Scheerer et al., 2024 for similar findings). However, as this study was not designed to tease apart 

outcomes that may be upstream versus downstream of hyperacusis symptoms in any proposed causal 

pathway, it is purely speculative whether the observed correlates of hyperacusis represent risk factors, 

downstream effects of having the condition, or unrelated epiphenomena. Additional research that works to 

chart the natural history of hyperacusis and misophonia over the autistic lifespan and to establish temporal 

associations of their symptoms with various risk factors is needed to further inform our mechanistic 

understanding of these disorders in autistic people, setting the stage for targeted prevention and intervention 

efforts.  

3.3.1 Dimensional Analyses 
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Dimensional analyses of DST symptoms in this sample demonstrated that self-reported measures of 

hyperacusis, misophonia, and phonophobia symptoms are strongly associated in autistic adults, with the 

pattern of correlations not necessarily indicating that measures of the same construct converged more than 

measures of putatively different DST constructs. Although strong associations between hyperacusis and 

misophonia measures dimensionally have been observed in non-autistic samples previously (Brennan et al., 

2023; Williams, Cascio, et al., 2022), it is notable that some of the correlations in the present study are higher 

than seen in non-autistic samples, and the sampling of measures is substantially more extensive. Remarkably, 

correlations between DST measures and several non-DST constructs (anxiety, autistic traits, and ADHD 

symptoms) were also moderate-to-strong (on the order of 0.4ï0.6), although across 90 pairs of DST/DST ï 

DST/non-DST correlations, there was an average 89% posterior probability of the DST/DST correlation 

being larger. This indicates that despite relatively strong patterns of intercorrelations between DST measures 

and between DST measures and non-DST measures, there is meaningful evidence that many of the DST 

dimensions appear more closely related to one another than they are to autistic traits, ADHD symptoms, or 

anxiety.  

However, it is also worth noting that not all DST measures demonstrated DST/DST correlations that 

were substantially larger than all correlations with non-DST measures. For instance, the measure of pain 

hyperacusis frequency correlated at approximately r=0.5 with other DST constructs (i.e., misophonia, 

phonophobia), which frequently did not significantly differ from those non-pain DST constructsô correlations 

with anxiety, autistic traits, or ADHD symptoms. Correlations between phonophobia and anxiety were often 

also significantly larger in magnitude than correlations between phonophobia and certain other DST 

constructs (i.e., misophonia, pain hyperacusis, number of misophonia triggers), ostensibly due to the fact that 

phonophobia itself is subsumed within the larger construct of anxiety and contributes to general anxiety 

ratings. Although the majority of DST measures did not correlate with each other at a level high enough to 

suggest that they are interchangeable (i.e., approximately r>0.7; Carlson & Herdman, 2012), these data do 

suggest that due to the substantial overlap in hyperacusis and misophonia diagnoses seen in autistic 

individuals, dimensional measures of ostensibly different DST symptom domains may lack discriminant 

validity in this population. It remains unclear how methodologically to provide a clear separation between 

these symptom dimensions in the autistic population, but to the extent possible, construct-irrelevant biases in 

questionnaire responding (e.g., acquiescence, social desirability, extreme response style; Choi & Pak, 2005) 

should be formally quantified or modeled to allow any covariance due to these method factors to be partialed 

out (see also Falk & Cai, 2016). Additionally, we recommend that any researcher interested in assessing DST 

constructs ensure that both hyperacusis and misophonia are measured simultaneously to better determine any 

differential effects and provide adequate statistical control for the other dimension.  
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3.3.2 Demographic Correlates 

The primary demographic correlates of hyperacusis and misophonia (assessed categorically) were 

sex and gender minority status, with both conditions substantially more prevalent in autistic adults assigned 

female at birth and those who identified as transgender/non-binary (regardless of sex) in univariate analyses. 

Other demographics, including age, race, ethnicity, education, and age of autism diagnosis were unrelated to 

either condition in our sample. Notably, when controlling for the other DST condition and relevant covariates 

such as age, anxiety, and depression, both hyperacusis and misophonia remained independently associated 

with female sex, although only misophonia was predictive of identification as a gender minority. General-

population prevalence studies of both hyperacusis (Paulin et al., 2016) and misophonia (Kēlē­ et al., 2021) 

indicate that both conditions appear to demonstrate a female predominance as well.  

The exact reasons why both of these DST conditions appear more common in autistic (and non-

autistic) females as opposed to males remain uncertain, although our models demonstrate that elevated 

symptoms of anxiety and depression seen in autistic females cannot alone explain the gap in prevalence. 

However, the one large-scale genetic study of misophonia published to date (D. J. A. Smit et al., 2023) does 

indicate that it shares genetic underpinnings with internalizing disorders such as depression and anxiety 

disorders, which also demonstrate robust sex-based differences in prevalence of a similar magnitude (van 

Loo et al., 2023). Genetic studies utilizing sizable autistic samples (from SPARK) have also not found 

meaningful genetic correlations between gender variance and internalizing or other mental health disorders 

(Thomas et al., 2024), so it is unlikely in our opinion that the unique association of misophonia with gender 

minority status represents an effect of internalizing psychopathology. Nevertheless, we cannot rule out that 

the association of these variables represents some shared ostensibly neurodevelopmental diathesis for both 

certain psychopathologies (i.e., misophonia) and the development of gender variance. 

3.3.3 Clinical Correlates 

The study also examined a large number of clinical correlates of both hyperacusis and misophonia, 

including associated symptoms/disorders across auditory, neurological, psychiatric/neurodevelopmental, and 

somatic/functional domains. Both disorders independently predicted higher levels of autistic traits, as well as 

symptoms of ADHD, indicating that DST of any kind is generally associated with more severe 

neurodevelopmental phenotypes. Both hyperacusis and misophonia also independently predicted higher 

levels of phonophobia, an anxiety-based DST disorder that can arise secondary to symptoms of either 

hyperacusis or misophonia (Williams, He, et al., 2021), as well as odds of seeking medical care for DST 

symptoms (which could feasibly have been for either hyperacusis or misophonia symptoms, if severe 

enough). The amount of ear protection used and degree of somatic symptoms (from any cause) were similarly 

associated with both conditions, although effects were only large enough to be practically significant in the 
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case of hyperacusis, and there was a greater than 90% posterior probability of hyperacusis effects on both 

outcomes being larger than the misophonia effect. Aside from neurodevelopmental traits, the outcomes that 

were independently predicted by hyperacusis and misophonia appeared to be more general indices of DST 

severity to which either of the conditions could contribute. Although interactions between hyperacusis and 

misophonia were not formally examined due to the lack of a priori hypotheses, the demonstration of multiple 

independent effects of these two conditions indicates that there is clearly value in separating these disorders 

out and examining both categorical conditions simultaneously.  

Beyond the few outcomes associated with both hyperacusis and misophonia, the remainder of 

significant correlates were significantly associated with only one of the conditions, predominantly 

hyperacusis. As demonstrated in general population studies (Ren et al., 2021), hyperacusis was associated 

with tinnitus and tinnitus disorder in our sample of autistic adults, and although the effects of misophonia on 

these conditions were smaller and not statistically significant, the degree of dominance of the hyperacusis 

effects over the misophonia effects (82.9ï88.1% posterior probability of a larger effect) offered relatively 

weak evidence of a stronger relationship with hyperacusis relative to misophonia. Direct comparison of the 

associations between hyperacusis, tinnitus, and misophonia in autistic and non-autistic adults is warranted, 

as we expect these associations to differ between populations based on present results.  

Hearing loss was also not found to be associated with hyperacusis (or misophonia) in the present 

study, despite hyperacusis being associated with both audiometric hearing loss (Jahn & Polley, 2023; 

Sheldrake et al., 2015) and self-reported hearing loss (A. L. Smit et al., 2021) in the general population. 

However, self-reported speech-in-noise difficulty was also associated with hyperacusis, as has been 

demonstrated previously in general population samples both in children (Ahmmed & Mukherjee, 2021) and 

adults (Cogen et al., 2024). Speech-in-noise difficulties are also subjectively reported by many autistic adults 

(e.g., Bendo et al., 2024; Sturrock et al., 2022), and at a group level may stem from the objective difficulties 

with word recognition in noise that autistic individuals often exhibit on laboratory tasks (Alcántara et al., 

2004; Foxe et al., 2015; Hernandez et al., 2020; Newman et al., 2021; Schelinski & von Kriegstein, 2020; 

Stevenson et al., 2017). However, it is notable that the one study in the autistic population to specifically 

examine relations between speech-in-noise performance and DST (in this case operationalized using 

categorical loudness scaling of speech stimuli) found no such association (Dunlop et al., 2016). Thus, it may 

well be the case that associations between hyperacusis and listening-in-noise difficulties observed previously 

in general population samples are limited to the level of subjective symptoms (Cogen et al., 2024), and 

performance-based evaluations of psychoacoustic loudness growth and speech-recognition-in-noise 

performance (which may be less confounded by shared method effects) remain relatively independent. 

Further research, incorporating multimodal (subjective and performance-based) assessments of both 

hyperacusis and speech-in-noise recognition in autistic individuals are necessary to better probe the 
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association between these constructs and determine whether there is evidence to suggest a potential 

mechanistic overlap between hyperacusis and listening difficulties.  

Interestingly, hyperacusis was also uniquely and differentially associated with two neurological 

symptoms: synesthesia (Ward, 2013) and tactile allodynia (Lipton et al., 2008) on or near the ear region. 

Non-autistic adults with synesthesia have been demonstrated to report increased levels of sensory reactivity 

similar to autistic adults, including on a subscale measuring auditory hyper-reactivity (Ward et al., 2017). 

Thus, it is plausible that synesthesia within the autistic population is a risk marker for more severe 

hyperacusis (as well as other sensory features), presumably due to its association with altered cortical 

excitability (Ward et al., 2017). The constellation of hyperacusis (often called ñphonophobiaò in the 

neurological/headache literature) along with tactile allodynia is often seen in primary headache disorders 

(e.g., migraine) or secondary (e.g., posttraumatic) headache syndromes (Hanna et al., 2020), which are 

present to a significant degree in the autistic population (Chang et al., 2018; Lee et al., 2021; Sullivan et al., 

2014; Underwood et al., 2019). It is likely that headache disorders and/or neurological insults such as mild 

traumatic brain injury can worsen existing hyperacusis symptoms or perhaps even cause hyperacusis in 

autistic individuals without previous symptoms; additional neurological symptoms such as tactile allodynia 

and photophobia (as well as headaches and a clinical history indicative of brain injury and/or a headache 

disorder) could potentially indicate to clinicians when autism-associated hyperacusis is complicated by 

further neurological concerns. In such cases, multimodal treatment of the underlying headache disorder may 

lead to substantial improvements in hyperacusis symptoms (Abouzari et al., 2020), as well as other sensory 

and headache-related symptoms, leading to marked increases in quality of life for the autistic individual.  

Hyperacusis was further found to be associated with the number of ñfunctional somatic syndromeò 

diagnoses (e.g., fibromyalgia, myalgic encephalomyelitis/chronic fatigue syndrome, irritable bowel 

syndrome, interstitial cystitis) reported by autistic adults in our sample, an association that was not explained 

by demographic factors or co-occurring psychopathology. This finding was further supported by a stronger 

association of hyperacusis than misophonia with somatic symptom burden in a similar regression model. 

Although our data are purely correlational, it is notable that prior work has suggested that the mechanism of 

central sensitization could serve as a link between hyperacusis and several functional disorders, including 

fibromyalgia, complex regional pain syndrome, temporomandibular disorders, and chronic migraine, where 

hyperacusis is a frequent comorbidity (Suhnan et al., 2017). Although current data are insufficient to answer 

this question, the degree to which hyperacusis itself can be considered a functional disorder should be 

examined, particularly given the strong tendency for multiple FSS diagnoses and their ñmedically 

unexplainedò symptoms to associate within individuals (Kanaan et al., 2007; van der Meulen et al., 2024; 

Wessely et al., 1999). The etiology and pathophysiology of most functional disorders is quite poorly 

understood (Henningsen et al., 2018), though they are generally considered to be multifactorial syndromes 
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that are largely unrelated to structural changes in the organ of interest (as is ostensibly the case with 

hyperacusis, given the lack of replicable peripheral auditory correlates of the condition detected to date; see 

also Baguley et al., 2016). In one general-population study of hyperacusis prevalence (Paulin et al., 2016), 

hyperacusis, defined according to physician diagnoses and self-reported symptoms, was significantly 

associated with a number of FSS diagnoses, suggesting that FSSs are most certainly a risk factor for 

hyperacusis (regardless of autism status). More research is needed to determine the robustness of this overlap, 

including whether there exist any mechanistic links between these conditions and whether (some variants of) 

hyperacusis could feasibly be classified within the framework of functional somatic syndromes or bodily 

distress disorders (Henningsen et al., 2018). 

The one clinical outcome found to be uniquely associated with misophonia rather than hyperacusis 

was symptoms of anger over the past week. This is a relatively predictable correlate, given that anger is a 

cardinal feature of the misophonia construct and has been proposed by some as an essential feature of the 

condition (Jager et al., 2020). Nevertheless, the anger elicited by misophonic triggers is often brief and 

transient, and for many adults it may not rise to the level of increasing ñtrait angerò that manifests 

behaviorally in terms of irritability, aggression, or outbursts. Thus, it is perhaps not surprising that the overall 

increase in anger symptoms attributable to misophonia was relatively small in magnitude.  

Although this study has a number of strengths, including its large sample of autistic adults, clear 

operationalization of hyperacusis and misophonia, and use of modern Bayesian methods to assess practically 

significant links between DST conditions and putative correlates, there are a number of limitations as well. 

As mentioned in Chapter 2, there are no consensus diagnostic criteria for hyperacusis or misophonia or gold-

standard instruments to diagnose these conditions. Thus, we used operational criteria and ad-hoc measures 

developed by the research team to determine disorder ñcasenessò in the present study. Additionally, the 

survey study was conducted entirely online using self-report. Future studies should attempt to replicate these 

findings utilizing other measures of DST symptoms, particularly structured clinical interviews that can 

perhaps more rigorously determine a (differential) diagnosis of hyperacusis, misophonia, phonophobia, or 

combination thereof. Similarly, many clinical correlates (e.g., synesthesia, migraine, traumatic brain injury) 

were based on single self-report items, despite more in-depth assessments being possible for these conditions 

in laboratory or clinical settings. Another limitation is the lack of a control group of non-autistic individuals. 

Though it may be reasonable to draw some inferences based on comparisons with other studies focused on 

DST in other populations, particularly given how pronounced the effects appear to be, direct comparisons in 

which participants complete the exact same measures of exposure and outcome are needed to confirm 

differences between autistic and non-autistic individuals with DST. Lastly, this study was limited to a group 

of autistic adults that was disproportionately female, late diagnosed, and highly educated. Of these variables, 

only sex was related to DST status, and this was controlled in all regressions, suggesting that the sample 
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demographics likely had minimal effects on the individual difference effects examined. However, as 

individuals in the sample were all adults and the vast majority were ostensibly verbal and cognitively able, it 

remains unclear how well the current studyôs findings will generalize to the full spectrum of autistic 

individuals, namely younger children/adolescents and individuals with more significant cognitive or 

language impairments. Future work examining the correlates of DST disorders in the autistic population is 

necessary to examine these possibilities.  

3.4 Conclusion 

Decreased sound tolerance represents one of the most prevalent and impactful subtypes of sensory 

reactivity in autistic individuals, and its component disorders of hyperacusis and misophonia both appear to 

have unique correlates in the autistic population. Whether measured categorically or dimensionally, 

hyperacusis and misophonia were strongly related. As such, it is not surprising that zero-order associations 

between either DST disorder and other variables demonstrated significant associations with both hyperacusis 

and misophonia. Although multivariate analyses demonstrated that both disorders did have independent 

associations with some correlates (sex, autistic traits, ADHD symptoms, phonophobia symptoms, and the 

likelihood of seeking medical care for DST), several putative correlates (somatic symptom burden, speech-

in-noise difficulties, synesthesia, tactile allodynia, and ear protection use) were more strongly associated with 

hyperacusis than misophonia. Misophonia was uniquely associated, however, with symptoms of anger in the 

past week. Together, both DST conditions explained substantial variance in a large number of clinical 

outcomes, suggesting that both of these diagnoses are meaningful labels to assign clinically in addition to 

autism as a way to parse the heterogeneity of the autistic population and predict other meaningful outcomes. 

Although additional work is necessary to better operationalize these labels and to determine optimal pathways 

for differential diagnosis and assessment, this preliminary work demonstrates that even at this early stage in 

the research, there is utility in no longer considering hyperacusis and misophonia ñjust symptoms of autismò 

but separate entities to be diagnosed, researched, and treated in their own right.  
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CHAPTER 3 SUPPLEMENTARY MATERIALS  

 

Supplemental Table 3.4: Zero-order Associations of Hyperacusis and Misophonia Status with Demographic and Clinical Variables 
 

Variable 
Association with Hyperacusis Association with Misophonia 

Effect [95% CrI]  Pd BFROPE Effect [95% CrI]  Pd BFROPE 

Age d = 0.007 [-0.125, 0.144] 0.542 0.024 d = -0.028 [-0.168, 0.110]] 0.656 0.032 

Female sex OR = 3.07 [2.29, 4.10] >0.999 1.32³105 OR = 3.06 [2.28, 4.18] >0.999 6.98³105 

Gender minority OR = 2.39 [1.63, 3.53] >0.999 130 OR = 3.30 [2.24, 4.90] >0.999 7.41³103 

White race OR = 1.11 [0.713, 1.78] 0.672 0.061 OR = 1.27 [0.776, 2.03] 0.830 0.109 

Hispanic ethnicity OR = 1.31 [0.792, 2.11] 0.855 0.133 OR = 1.25 [0.759, 2.06] 0.816 0.110 

Education (ordinal) dord = -0.014 [-0.151, 0.119] 0.584 0.024 dord = -0.036 [-0.173, 0.105] 0.696 0.034 

Psychiatric diagnoses  dord = 0.457 [0.318, 0.591] >0.999 1.19³105 dord = 0.493 [0.352, 0.629] >0.999 1.02³106 

FSS diagnoses dord = 0.481 [0.288, 0.668] >0.999 1.18³103 dord = 0.477 [0.284, 0.668] >0.999 1.18³103 

Age of autism diagnosis  d = 0.124 [-0.011, 0.252] 0.968 0.246 d = 0.081 [-0.054, 0.215] 0.878 0.092 

Tinnitus OR = 2.33 [1.80, 3.06] >0.999 1.35³104 OR = 2.07 [1.58, 2.72] >0.999 594 

Tinnitus disorder OR = 2.97 [2.23, 3.91] >0.999 3.21³105 OR = 2.77 [2.08, 3.67] >0.999 1.01³105 

Hearing loss OR = 1.14 [0.703, 1.82] 0.701 0.069 OR = 0.855 [0.517, 1.43] 0.733 0.082 

Sudden hearing loss OR = 1.81 [1.10, 3.07] 0.989 1.15 OR = 1.71 [1.02, 2.86] 0.979 0.739 

Speech-in-noise difficulty dord = 1.14 = [0.953, 1.33] >0.999 3.78³1013 dord = 0.776 [0.588, 0.962] >0.999 4.27³108 

Migraine OR = 2.22 [1.53, 3.15] >0.999 99.7 OR = 2.18 [1.51, 3.09] >0.999 97.3 

Synesthesia OR = 3.83 [2.66, 5.38] >0.999 3.91³106 OR = 2.77 [1.96, 3.87] >0.999 1.02³104 

Tactile allodynia on/near ear OR = 2.40 [1.71, 3.35] >0.999 795 OR = 1.73 [1.24, 2.43] >0.999 4.00 

Traumatic brain injury OR = 1.56 [1.14, 2.10] 0.998 1.36 OR = 1.57 [1.15, 2.13] 0.998 1.44 

Ruptured eardrum OR = 1.30 [0.835, 1.99] 0.879 0.128 OR = 1.27 [0.817, 1.98] 0.854 0.112 

Pressure equalization tubes OR = 0.849 [0.581, 1.26] 0.800 0.066 OR = 0.775 [0.520, 1.15] 0.901 0.124 

Anxiety (T-score) d = 0.911 [0.770, 1.056] >0.999 3.48³1013 d = 1.01 [0.868, 1.16] >0.999 1.06³1014 

Depression (T-score) d = 0.617 [0.480, 0.753] >0.999 5.01³108 d = 0.766 [0.626, 0.909] >0.999 2.57³109 

Phonophobia (mean score) d = 1.53 [1.34, 1.73] >0.999 9.72³1016 d = 1.48 [1.29, 1.68] >0.999 3.22³1023 

Use of any ear protection OR = 4.29 [3.29, 5.67] >0.999 2.27³109 OR = 3.20 [2.43, 4.25] >0.999 2.89³106 

Sought medical care for DST OR = 3.31 [2.29, 4.70] >0.999 1.07³105 OR = 3.01 [2.11, 4.24] >0.999 1.44³105 

All effects based on Bayesian two-group comparisons (Gûnel-Dickey contingency-table tests, BEST [Bayesian Estimation Supersedes the t-test]-like Bayesian t-tests, and ordered-probit 

regression models). Practically significant effects (BFROPE > 3) are presented in bold. Pd = Probability of Direction; BFROPE = Region of Practical Equivalence Bayes Factor; FSS = 

Functional Somatic Syndrome; DST = Decreased Sound Tolerance; dord = ordinal standardized mean difference. 

  



   

 

126 

 

Supplemental Figure 3.2: Scatter Plots between Hyperacusis and Misophonia as well as Anxiety and Depression 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Associations between (A) hyperacusis symptoms and anxiety, (B) hyperacusis symptoms and depression, (C) misophonia and anxiety, and (D) misophonia and 

depression across the full sample of autistic adults. Hyperacusis scores are slightly jittered on the X axis to prevent substantial overlap. Trendlines represent ordinary-

least-squares fits. IHS = Inventory of Hyperacusis Symptoms; PROMIS = Patient Reported Outcome Measurement Information System.   
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4 CHAPTER 4 

 

The Multidimensional Inventory of Sound Tolerance in Adults (MIST-A): 

Psychometric Evaluation of a Dimensional Self-report Measure of Hyperacusis, Misophonia, 

and Other Disorders of Sound Tolerance in Autistic and Non-autistic Adults 

 

 

4.1 Introduction  

Individual differences in tolerance to everyday sensory environments have been studied for decades 

in the psychological literature (Ward, 2019), particularly with reference to neurodevelopmental conditions 

such as autism spectrum disorder (hereafter referred to as ñautismò; He et al., 2023) but also many other 

clinical and non-clinical populations (Critz et al., 2015; Dunn et al., 2016; Lane, 2020; van den Boogert et 

al., 2022). At the extremes of these individual differences, innocuous sensory stimuli and everyday 

environments can become intolerable for some people, resulting in substantial distress, disability, and the 

diagnosis of a sensory-based medical condition such as photophobia (Albilali & Dilli, 2018; Katz & Digre, 

2016), multiple chemical sensitivity (Rossi & Pitidis, 2018; Zucco & Doty, 2022), and hyperacusis (Salvi et 

al., 2022; Tyler et al., 2014). Similar to the domain of psychopathology (Eaton et al., 2023; Simonsen, 2010), 

sensory differences can be conceptualized categorically and dimensionally, with these approaches providing 

complementary information about an individualôs reported symptoms for research and clinical purposes. The 

present investigation represents an initial attempt to explore the construct space of one of these individual 

difference domains and its constituent disorders, namely decreased sound tolerance (DST; Fagelson & 

Baguley, 2018b; Henry et al., 2022; Jastreboff & Jastreboff, 2015). 

As an umbrella concept, DST refers broadly to the inability to tolerate sounds that most people do 

not find problematic in oneôs immediate environment (Henry et al., 2022; Z. J. Williams et al., 2021). As a 

dimensional construct, it is inversely related to ñsound tolerance,ò the ability to withstand a greater amount 

of sound (of any kind) without having an adverse reaction, such as finding the sound excessively loud, 

experiencing ear pain, becoming annoyed, feeling anxious/distressed, experiencing somatic symptoms, or 

having an extreme emotional reaction such as anger or panic (or any combination of these). Within the 

theoretical framework set forth by Tyler et al. (2014), DST represents four dimensions of sound intolerance: 

loudness (i.e., experiencing everyday sounds as excessively loud), pain (i.e., experiencing physical pain at 

much lower levels than the approximately 120 dB SPL required to cause it in typical listeners; Plutchik, 

1963), annoyance (i.e., experiencing extreme and disproportionate feelings of irritation or anger in response 

to sounds), and fear (i.e., phobic anxiety and/or acute fear/panic directed towards sounds or sound-related 

situations).  

At the pathological end of each of these dimensions exist several clinically-diagnosable DST 
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disorders (Fagelson & Baguley, 2018a; Henry et al., 2022; Jastreboff & Jastreboff, 2015; Møller, 2011; Z. J. 

Williams et al., 2021). The loudness and pain dimensions correspond to hyperacusis, a hearing disorder in 

which innocuous or moderate-intensity sounds are perceived as excessively loud or physically painful (Coey 

& De Jesus, 2024; Fackrell et al., 2019; Henry et al., 2022). Although the inclusion of pain as a feature of 

hyperacusis remains an area of controversy among clinicians and researchers (Adams et al., 2021), many in 

the field follow the original DST framework of Tyler et al. (2014) and subdivide the condition into loudness 

hyperacusis (a disorder in which moderate-intensity sounds are perceived as excessively loud, causing 

significant distress and functional impairment; Tyler et al., 2014; Z. J. Williams et al., 2021) and pain 

hyperacusis (a disorder in which moderate- or high-intensity sounds substantially below the typical auditory 

pain threshold reliably cause an individual to experience ear or head pain; Salvi et al., 2022; Z. J. Williams, 

Suzman, et al., 2021a). Notably, individuals with pain hyperacusis typically also demonstrate the features of 

loudness hyperacusis, whereas many individuals do experience loudness hyperacusis without sound-induced 

pain (Z. J. Williams, Suzman, et al., 2021a). Pathological levels of ñannoyanceò DST manifest as misophonia, 

a DST disorder in which specific ñtriggerò sounds (e.g., chewing, tapping, sniffling) will reliably evoke 

excessive and inappropriate emotional responses (i.e., anger, extreme irritation, or disgust), even when the 

trigger sounds are presented at a low level (Brout et al., 2018; Palumbo et al., 2018; Swedo et al., 2022). 

Lastly, the ñfearò dimension of DST corresponds to phonophobia, a specific phobia of sounds or situations 

associated with uncomfortable sounds, often occurring secondary to another DST disorder (Fackrell et al., 

2019; Henry et al., 2022; Møller, 2011; Z. J. Williams, 2022).  

Individuals on the autism spectrum represent a population of particular interest when studying DST 

and associated disorders, as demonstrated by the large number of review articles published at the intersection 

of autism and DST in the past five years (Danesh et al., 2021; Gonçalves & Monteiro, 2023; Poulsen et al., 

2024; Sato, 2022; Stefanelli et al., 2020; Timms et al., 2022; Z. J. Williams et al., 2021). An estimated 50ï

70% of autistic individuals experience clinically significant DST symptoms at some point in their lives (Z. J. 

Williams, Suzman, et al., 2021b), and there is evidence that all major DST disorders (i.e., hyperacusis, 

misophonia and phonophobia) contribute to the substantial burden of DST in the autistic population (Z. J. 

Williams et al., 2021). Although much of the work to date on DST in the autistic population has studied this 

symptom domain as a unitary construct,  recent work from our research group and others (Chapter 2; Chapter 

3; Scheerer et al., 2022, 2024) has begun to examine hyperacusis and misophonia in autism simultaneously, 

leading to a richer and more nuanced understanding of these DST dimensions and their associated features. 

However, when excluding studies that solely examine the prevalence of DST in autism (Z. J. Williams, 

Suzman, et al., 2021b), empirical studies on this overlap are surprisingly sparse, and many fundamental 

questions regarding the nature of autism-related DST and its pathophysiology remain to be answered.  

A major area of methodological uncertainty in the field of DST research is how best to measure 
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DST symptoms or their severity. A number of self-report rating scales currently exist to measure hyperacusis 

and misophonia (for reviews see Fackrell & Hoare, 2018; Kula et al., 2023), although a notable limitation of 

nearly every scale published to date is the fact that they largely measure only one of the theoretically-relevant 

DST dimensions, often either ñloudnessò (hyperacusis) or ñannoyanceò (misophonia). Exceptions to this 

include (a) the Inventory of Hyperacusis Symptoms (IHS; Greenberg & Carlos, 2018), a hyperacusis 

symptom and impact questionnaire with single items assessing pain, annoyance (due to loud sounds rather 

than misophonia-like reactions), and fear; (b) the Sound Sensitivity Symptoms Questionnaire (SSSQ; Aazh 

et al., 2022), a five-item screening questionnaire that assesses briefly for all four domains of DST with only 

a single item each (including one extra item for ñnon-painful physical discomfortò due to sound); and (c) the 

Decreased Sound Tolerance ScaleïScreening (DSTS-S; Allusoglu & Aksoy, 2023), a tridimensional 

screening questionnaire that simultaneously screens for hyperacusis, misophonia, and phonophobia. Of these 

existing measures, the DSTS-S is the closest to adequately assessing all four theoretical dimensions of DST 

proposed by Tyler (2014), but it notably has only one item assessing pain (wherein it is conflated with 

physical discomfort, similar to the item in the IHS), and only a Turkish version has been psychometrically 

studied without any validated English translation published to date. Additionally, none of these measures 

have been validated for use in autistic adults or other populations with high rates of DST, such as individuals 

with attention-deficit/hyperactivity disorder (Bijlenga et al., 2017; Ralli et al., 2020). Thus, there is a pressing 

need to develop and validate more dimensional measures capturing the full breadth of DST symptoms across 

multiple clinical and non-clinical populations.  

The present study represents an initial attempt to fill this lacuna with the development and initial 

psychometric validation of a novel self-report measure of DST symptomatology that adequately samples all 

four dimensions within Tylerôs (2014) framework (the Multidimensional Inventory of Sound Tolerance in 

Adults; MIST-A; Z. J. Williams et al., 2021). The MIST-A was adapted from an earlier unpublished DST 

measure written by the first author (the Vanderbilt Inventory of Sound Tolerance in Adults; VISTA; Z. J. 

Williams, 2020). Items for the VISTA were generated from (a) a comprehensive review of all existing 

measures of hyperacusis and misophonia symptoms published before winter 2020 (based on Fackrell & 

Hoare, 2018 and additional ñhand-searchesò), (b) informal discussions with five adults (two autistic males, 

one autistic female, two non-autistic females with hyperacusis) in the authorôs personal network regarding 

their lived experience of DST, (c) approximately one year of ñclinical expertiseò gained from observing and 

engaging with self-selected hyperacusis, misophonia, and autism patient communities on Facebook and other 

social media, and (d) adaptation of items from measures of related constructs, including pain, tinnitus, noise 

sensitivity, phobic anxiety, and experiential avoidance. VISTA items were also subjected to revision based 

on ñthink-aloudò cognitive interviews (Willis, 2018) with two autistic adults (one male one female) and one 

non-autistic female with hyperacusis, as well as unpublished pilot psychometric data in a sample of 936 
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autistic adults (the same sample reported in Chapters 2 and 3). After examination of pilot psychometric results 

(spring 2021), the scale underwent a major revision, in which many items were rewritten and/or removed and 

the response scale of the VISTA was changed from a four-point bipolar ñagreementò scale (ñStrongly 

disagreeò to ñStrongly agreeò) to a five-point unipolar ñfrequencyò scale (ñNeverò to ñVery oftenò). The 

scale (now re-named to the MIST-A) was then refined a final time via expert consultation with a leading 

clinician-scientist in the field of DST research (the late Professor David M. Baguley, University of 

Nottingham) before reaching its current ñdevelopment versionò in the summer of 2021.    

In creating a measure of multidimensional DST symptoms, we sought to investigate the latent 

structure of the broader DST construct space, additionally providing empirical support for the distinctness of 

theoretically separate DST symptom dimensions and their associated disorders. Furthermore, this measure 

was validated in several samples of clinical and non-clinical participants with varying levels of DST, 

including special populations such as autistic adults, in an attempt to provide evidence to support its use and 

equivalence as a DST measure in the general population, as well as in populations affected by various 

audiological, psychiatric, and neurodevelopmental conditions. Though much of the present research is 

exploratory and descriptive, it represents a meaningful step forward in developing a practically useful 

measure for assessing the symptoms of multiple DST disorders/dimensions in both research and clinical 

practice. 

4.2 Methods 

4.2.1 Participants 

Participants in the present study (total N=2807) were derived from five separate studies. The first 

study was a large-scale survey of general population adults in the United States, recruited via the Prolific 

(Palan & Schitter, 2018) crowdsourcing platform (PROA sample; n=1403). The second was a survey of 

individuals with clinically significant hyperacusis or misophonia recruited primarily via social media and 

patient support groups/forums (ClinDST sample; n=516). The third was a survey of adults with one of two 

neurodevelopmental disabilities (autism and/or ADHD) and general population controls, recruited from a 

combination of the Simons Foundation Powering Autism Research for Knowledge (SPARK; The SPARK 

Consortium, 2018) cohort, CloudResearch (formerly TurkPrime; Litman et al., 2017), and Prolific (NDD 

sample; n=478). The fourth was an online survey examining auditory adaptation and its relation to self-

reported DST symptoms in a sample of diagnosed or self-identified autistic adults (AUT sample; n=295). 

Lastly, the final sample was a laboratory study examining the perceptual and neurophysiological correlates 

of DST in autistic and non-autistic adults (LAB sample; n=115). Inclusion and exclusion criteria for each of 

these studies differed substantially (additional detail on each study is presented in section 4.7.1), although all 

participants were adults over the age of 18, fluent in English, and able to consent for themselves. All 
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participants gave informed consent to participate in their respective primary studies, and procedures were 

approved by the institutional review board or human research ethics committee at Vanderbilt University 

Medical Center (PROA, ClinDST, and LAB samples), University of California Davis (NDD sample), or 

Macquarie University (AUT sample).  

Participants in the study were divided into two primary groups: a ñclinicalò group and a ñgeneral 

populationò group. The clinical group comprised all individuals in the ClinDST and AUT samples, as well 

as all individuals diagnosed with autism or ADHD in any sample, and individuals from the LAB sample with 

clinically significant DST based on a semi-structured clinical interview (see section 4.7.2 for the specific 

criteria used in each study). The general population sample included individuals from the PROA and NDD 

samples without autism or ADHD and individuals from the LAB sample who had no autism, ADHD, or 

clinically significant DST disorders. Based on these criteria, the full study sample contained 1459 clinical 

participants and 1348 general population participants (Table 4.1). 

4.2.2 Measures 

4.2.2.1 Multidimensional Inventory of Sound Tolerance in Adults (MIST-A)  

All participants in the present study completed the Multidimensional Inventory of Sound Tolerance 

in Adults (MIST-A; Z. J. Williams et al., 2021), a newly-developed self-report measure of DST symptoms 

that assesses the four theoretical dimensions of loudness (hyperacusis), pain, annoyance (misophonia), and 

fear (phonophobia) proposed by Tyler and colleagues (2014) in their seminal review. The MIST-A contains 

27 Likert-type items, in which respondents rate the frequency at which a given symptom or behavior has 

occurred over the past month on an ordinal scale ranging from ñNever (not in the past month)ò [0 points] to 

ñVery often (multiple times per day)ò [4 points]. Notably, the form also includes skip logic wherein 

respondents that answer ñ0ò to all of the first nine questions (indicating minimal to no DST in any of the 

major categories, no use of ear protection, and no avoidance of sounds) do not complete the remainder of the 

form, as they are unlikely to provide nonzero answers to any of the remaining items. Skipped items were 

treated as missing for the purposes of later analyses. Additionally, a subsample of participants in the current 

study (n=328, including the entire AUT sample and 33 individuals in the LAB sample) completed an earlier 

development version of the MIST-A that lacked three of the items included in the final form (items 15: ñI 

struggled to put up with sounds that I couldn't control,ò 18:ñI had a hard time putting up with loud noises 

for more than a few seconds,ò and 20: ñThe sound of my own voice was so loud that I needed to talk quietly 

or whisper.ò) As the MIST-A was ultimately scored within an item response theory (IRT) framework (see 

Data Analysis section for additional details), item-level missing data could be handled in a principled manner, 

and scores from participants who completed different versions of the measure or screened out after the first 

nine items could be equated without issue. A subset of 90 out of the 115 individuals in the LAB sample 
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completed the MIST-A on two separate occasions (one online and the other in-person) an average of 10.66 

weeks apart (range 0ï53.43 weeks), allowing for us to assess the test-retest reliability of the MIST-A scores. 

Within this sample, the in-person MIST-A scores (completed more recently and contemporaneously with 

other laboratory study data collection) were used in cross-sectional analyses.  

4.2.2.2 Other Measures of DST Symptoms 

In order to compare the MIST-A subscales generated in the present study with existing dimensional 

DST measures, participants in the PROA, LAB, and ClinDST samples completed the Inventory of 

Hyperacusis SymptomsïGeneral Loudness subscale (IHS-LOUD; Aazh et al., 2021; Greenberg & Carlos, 

2018), the Duke Misophonia QuestionnaireïSymptom subscale (DMQ-SS; Rosenthal et al., 2021), and the 

Specific Phobia Severity Measure for DSM-5ïModified for Phonophobia (DSMïPhono; Z. J. Williams, 

2021). Additional information about these scales can be found in section 4.7.4. Notably, there are few, if any 

validated measures of pain hyperacusis severity. Thus, we quantified this construct with a single face-valid 

item assessing the frequency of sound-induced pain over the past month on a six-point Likert scale from 

ñNeverò to ñSix or more times per day.ò  

4.2.2.3 Non-DST Measures 

In order to test the divergent validity of the MIST-A subscales, we assessed the correlations of the 

newly developed scales with measures of several theoretically related but putatively distinct constructs (see 

section 4.7.4 for detailed information on each measure). We utilized the Comprehensive Autistic Trait 

Inventory (CATI; English et al., 2021) as a dimensional measure of autistic traits, calculating the sensory 

subscale score (CATI-SEN) as an index of non-DST sensory hyper-reactivity, excluding a DST-related item 

from this subscale to reduce overlap with DST-related constructs. We also administered the Overall Anxiety 

Severity and Impairment Scale (OASIS; Norman et al., 2006), the  Overall Depression Severity and 

Impairment Scale (ODSIS; Bentley et al., 2014), and the Vanderbilt Fatigue Scale for Adultsï10 item version 

(VFS-A-10; Hornsby et al., 2023), which served to index general anxiety symptoms, depressive symptoms, 

and listening fatigue, respectively, in analyses of convergent and divergent validity. These measures were 

each completed by subsets of the participants, with the CATI completed by the PROA, LAB, and AUT 

samples; the OASIS/ODSIS completed by the PROA, ClinDST, LAB, and NDD samples, and the VFS-A-

10 completed by the PROA, ClinDST, and LAB samples.  

4.2.3 Data Analysis 

 The psychometric properties of the MIST-A, including its latent structure, reliability, construct 

validity, and utility as a screening instrument for DST disorders were assessed, predominantly within the 

framework of item response theory (IRT; Cai et al., 2016). All statistical analyses were conducted in the R 

statistical computing environment, version 4.3.0 (R Core Team, 2023), with many of the analyses based on 
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functions from the openly-available ZPack.IRT (Z. J. Williams, 2024a) and ZPack.Bayes (Z. J. Williams, 

2024b) scripts written by the first author. 

4.2.3.1 Dimensionality and Structural Analyses 

To assess the dimensionality, latent structure, and stability of the MIST-A, we first conducted a 

bootstrap exploratory graph analysis (bootEGA; A. P. Christensen & Golino, 2021) based on the matrix of 

Gaussian rank correlations (Boudt et al., 2012) generated using Bayesian bootstrapping with 5,000 resamples 

(Rodriguez & Williams, 2022; Rubin, 1981). This analysis was conducted predominantly using the EGAnet 

R package (Golino & Christensen, 2023), as well as the custom EGA.bayesboot function within the 

ZPack.Bayes script (Z. J. Williams, 2024b). To reduce the zero-inflation inherent in DST ratings, ñzero-

casesò (i.e., individuals who scored ñ0ò on all nine of the first MIST-A items and screened out of the 

remaining items; n=330) were excluded from bootEGA analysis, and all remaining individuals with listwise-

complete MIST-A data (n=2163) were included in the bootEGA. For each bootstrapped correlation matrix, 

we estimated a regularized partial correlation network using the EBICglasso algorithm and tuning parameter 

g=0.5 (Epskamp & Fried, 2018), and nodes were assigned to communities using the Louvain community-

detection algorithm (A. P. Christensen et al., 2024). The posterior mean of the bootstrap resampled 

correlation matrices was used as the ñpoint estimateò correlation matrix from which the community structure 

of the MIST-A items was derived (using the same EBICglasso estimation and Louvain community detection 

algorithm as for individual bootstrap iterations). The stability of this community structure over the 5,000 

bootstrap iterations was then tested using item stability and dimension stability indices (A. P. Christensen & 

Golino, 2021), with item stability values >0.65 considered highly stable across replications. Additional 

indices, including the number of dimensions in each iteration and the proportion of iterations in which items 

were allocated to each factor, were also provided to further describe the structure of the scale. Notably, before 

conducting this analysis, we combined redundant items on the MIST-A, defined as those flagged by unique 

variable analysis (using the matrix of point-estimate Gaussian rank correlations) based on a weighted 

topological overlap (wTO; Gysi et al., 2018) cutoff of 0.25 (A. P. Christensen et al., 2023). 

4.2.3.2 Item Response Theory Analyses 

4.2.3.2.1 Model Specification 

After demonstrating the dimensionality of the MIST-A, we further modeled each subscale of the 

measure within an IRT framework using the mirt R package (Chalmers, 2012), specifically fitting either a 

unidimensional or bifactor graded response model (GRM; Gibbons et al., 2007; Samejima, 1997) to every 

dimension of the MIST-A separately. All models were fit using full-information marginal maximum 

likelihood estimation based on the expectation-maximization algorithm (Bock & Aitkin, 1981). In the case 

of bifactor GRMs, a weakly-informative lognormal(0, 0.5) prior was put on the slope coefficients of the 
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specific factor in order to improve the fitting of the model and ensure that all specific factor slopes stayed 

positive, as intended. Separate GRMs were first fit in the general population and clinical sub-samples (now 

using all data, including zero cases), and upon finding a suitable structure that fit adequately in both groups, 

we fit a multiple-group GRM in which the latent trait distribution(s) of the general population group were 

standard-normal but the mean(s) and variance(s) of the latent trait(s) in the clinical group were freely 

estimated.  

4.2.3.2.2 Model Fit Assessment and Refinement 

IRT model fit was assessed using the C2 limited-information goodness-of-fit index (Cai & Monroe, 

2014); C2-based approximate fit indices including the Tucker-Lewis Index (TLIC2; Cai et al., 2023) and Root 

Mean Square Error of Approximation (RMSEAC2; Maydeu-Olivares & Joe, 2014); and the standardized root 

mean square residual (SRMR; Maydeu-Olivares, 2013). Per standard convention in the structural equation 

modeling literature (Browne & Cudeck, 1992), RMSEAC2 was presented with 90% rather than 95% 

confidence intervals. Acceptable model fit was defined as TLIC2>0.97, RMSEAC2<.089, and SRMR<.05 (Cai 

et al., 2023; Maydeu-Olivares & Joe, 2014). In the case of a three-item scale, C2 could not be computed at 

the single-group level, and only SRMR could be calculated as an approximate fit index (with values <0.033 

indicative of adequate fit). Individual standardized residuals were also examined to determine areas of 

potential local dependency, with values greater than ±0.1 indicative of local model misfit. We also examined 

Q3 residual correlations (Yen, 1984) as a local dependency measure, using the percentile bootstrap method 

of Christensen et al. (2017; 95th percentile value) to derive empirical cutoffs for Q3 in the sample. All scales 

were first fit with a unidimensional GRM, and further model modifications (such as the addition of specific 

factors in a bifactor model or the removal of items) were indicated if the model failed to meet the standards 

for adequate fit or demonstrated local dependency in multiple items in either the general population or clinical 

group. Models were fit iteratively until adequate fit was achieved in both groups separately and in the full 

sample (using a multi-group model).  

4.2.3.2.3 Differential Item Functioning and Item Removal 

After an adequately fitting structure was found for a given subscale, that subscale was subjected to 

rigorous differential item functioning (DIF) testing, using a variant of the iterative Wald procedure proposed 

by Cao et al. (2017) and implemented in the DIF.wald.iter function of ZPack.IRT (Z. J. Williams, 2024a). In 

brief, the anchor-free ñWald-2ò procedure proposed by Langer (2008) is first used to assess for DIF, and all 

other items not flagged as having DIF are used as anchors in later DIF testing using Caiôs ñWald-1ò procedure 

(Woods et al., 2013). Although the tests included in the present iterative Wald algorithm have not changed, 

we have slightly altered the procedure by including a Benjamini-Hochberg (1995) p-value adjustment to 

control the false discovery rate, and all items flagged as having ñsignificantò DIF must also exceed a 
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minimum DIF effect size of Expected Score Standardized Difference (ESSD)>±0.2 (Meade, 2010).  

For each scale, DIF was tested for the following contrasts: (a) clinical group (clinical vs. general 

population), (b) hyperacusis status (present vs. absent), (c) misophonia status (present vs. absent), (d) autism 

status (present vs. absent, excluding individuals who self-identified as autistic but did not have formal 

diagnoses), (e) age group (younger [18ï30] vs. older [31+] adults; based on an approximate median split), 

(f) sex (males vs. females/intersex individuals, with the latter group combined due to the limited number of 

intersex individuals [n=3] and the substantially higher prevalence of ñfemaleò disorders of sex development 

in the population; Berglund et al., 2016, 2017), (g) race/ethnicity (non-Hispanic White vs. all others, with the 

latter group pooled due to the limited size of most racial/ethnic minority groups in the sample), (h) level of 

education (completed four-year college vs. no four-year degree), (i) ADHD diagnosis (present vs. absent), 

(j) lifetime anxiety disorder diagnosis, (k) lifetime mood disorder diagnosis (present vs. absent), and (l) 

tinnitus status (present vs. absent). DIF was further quantified using the effect sizes proposed by Meade 

(2010), including the ESSD (a standardized DIF effect size on a Cohenôs d-like metric) and the Unsigned 

Item Difference in the Sample (UIDS; the expected difference in observed item scores between groups if 

both had the same mean on the latent trait). Test-level versions of these measures, namely the Expected Test 

Score Standardized Difference (ETSSD) and Unsigned Expected Test Score Difference in the Sample 

(UETSDS) were used to quantify the total effect of DIF at the test score level. Values of ESSD of Ó0.35 on 

any DIF contrast were considered practically significant and flagged an item for removal from the scale. 

After item removal, DIF testing was completed iteratively until no more practically significant DIF was 

observed on the scale.  

4.2.3.2.4 Final Model Assessment 

After revising the scale and removing items from some of its constituent subscales, the latent 

structure was once again confirmed using bootEGA (5,000 Bayesian bootstrap replications). We specifically 

examined the ability of the final structure to replicate the previous structure after removal of the offending 

items. Additionally, structural stability was tested using item/dimension stability coefficients, with other 

metrics like the proportion of each number of dimensions included in the bootstrap replications included to 

further describe the final multidimensional structure of the measure. 

4.2.3.2.5 Scoring and Reliability Analysis 

After establishing a final structural model for the MIST-A, we calculated IRT-based latent trait 

scores for all subdimensions using the estimated a posteriori (EAP) estimator (Bock & Mislevy, 1982) and 

the general population group of each multigroup GRM (assuming a normal latent trait with M=0, SD=1). In 

cases where a bifactor GRM was used, only the general factor EAP score was interpreted. EAP scores were 

converted to T-scores (M=50, SD=10) for ease of interpretability. We additionally calculated the empirical 
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marginal reliability (rxx) of each EAP score based on its standard error of measurement (using the 

empirical_rxx function within the mirt package) both with and without the inclusion of zero cases (which 

notably had most items missing and, therefore, had low reliability by design), as well as their 95% bias-

corrected and accelerated (BCa) bootstrap confidence intervals (Efron & Tibshirani, 1986; 10,000 

resamples).  

Test-retest reliability of the EAP scores was also examined in the retest cohort within the LAB 

sample (n=90) over a mean period of 10.66 (range 0ï53.43) weeks using intraclass correlation coefficients 

(ICC; McGraw & Wong, 1996; Ten Hove et al., 2022). Paired EAP scores from the 90 LAB participants who 

completed the MIST-A on both occasions were analyzed using the intraclass correlation for single ratings 

and absolute agreement, specifically ICC(A,1) per McGraw and Wong (1996) or ICC(2,1) per Shrout and 

Fleiss (1979). In accordance with widely-cited guidelines for ICC interpretation (Koo & Li, 2016), we 

considered ICC(A,1) values of <0.5, 0.5ï0.75, 0.75ï0.9, and >0.9 to reflect poor, moderate, good, and 

excellent reliability, respectively. An a priori-specified minimum standard for scale reliability was that the 

lower bound of all MIST-A ICC 95% confidence intervals exceeded 0.5 (and preferably 0.75). 

4.2.3.2.6 Known-group Discrimination and Diagnostic Accuracy Testing 

A major goal of the development of the MIST-A was to evaluate its ability to screen for multiple 

clinically significant DST disorders (hyperacusis, misophonia, phonophobia, and pain hyperacusis) in adults 

capable of self-reporting their symptoms. One major roadblock to the development of such screening tools 

is the lack of consensus diagnostic criteria or a widely accepted ñgold standardò for diagnosis of any major 

DST condition to use as a diagnostic criterion. To provide a starting point for more research in this area and 

to avoid the pitfalls of case definitions that only utilize self-report questionnaires (Chapter 2; Z. J. Williams 

et al., 2022), our research group has developed a set of operational diagnostic criteria for hyperacusis 

(including loudness and pain subtypes), misophonia, and phonophobia similar to those used in the Diagnostic 

and Statistical Manual of Mental Disorders (DSM-5-TR; American Psychiatric Association, 2022) to 

classify psychiatric disorders. These operational criteria, which were modified from existing criteria sets such 

as the Revised Amsterdam Criteria for Misophonia (Jager et al., 2020) and the DSM-5-TR criteria for specific 

phobia (Bandelow, 2017), were based on an extensive an extensive review of the DST literature, multiple 

consultations with one of the fieldôs most respected clinician-scientists studying DST (the late Professor 

David M. Baguley, University of Nottingham), incorporation of the recently-proposed misophonia consensus 

definition (Swedo et al., 2022; published as a preprint at the time of criteria generation), and the clinical 

experience of the first author working with individuals with DST disorders (see section 4.7.2 for additional 

justification of these criteria), and the criteria sets have been published previously (Z. J. Williams, 2022).  

A semi-structured diagnostic interview based on our research groupôs operational DST disorder 
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criteria (the Diagnostic Interview for Sound Sensitivity Syndromes [DISSS]), has also been developed and 

is currently in use in our groupôs research projects (see section 4.7.3 for additional details on this measure). 

Notably, this measure has not been formally validated, and a full psychometric assessment of the DISSS is 

beyond the scope of the current study. However, video recordings of 20% of the DISSS interviews (n=23) 

were randomly checked for procedural fidelity (based on a 26-item checklist developed by the research team), 

and a second (masterôs-level) clinician trained in administration of the DISSS scored these interviews while 

blinded to the original diagnostic results to allow for the calculation of inter-rater reliability for each DST 

diagnosis (using the quadratically-weighted Ir
2 coefficient, a Bayesian analog of weighted kappa; van Oest 

& Girard, 2022). The DISSS was used to determine whether participants in the LAB sample met operational 

diagnostic criteria for one of four DST conditions: (a) hyperacusis (including loudness and/or pain 

hyperacusis), (b) misophonia, (c) phonophobia, or (d) pain hyperacusis. The interview also allows for ñsub-

clinicalò designations to be made for individuals who meet some but not all of the criteria for a given 

condition (see Supplemental Tables 4.6ï4.9 for item summaries and operational DISSS diagnostic 

algorithms). In the present study, fidelity of administration was found to be high (average of 94.4% of items 

administered correctly per interview), and all four DISSS diagnoses demonstrated very strong inter-rater 

reliabilities in the subset of cases examined (Loudness Hyperacusis: Ir
2=.948, CrI95% [.871, .999], Pain 

Hyperacusis: Ir
2=1.0, CrI95% [1.0, 1.0], Misophonia: Ir

2=.966, CrI95% [.889, 1.0], Phonophobia: Ir
2=.813, 

CrI95% [.554, .985]). Importantly, MIST-A scores were not known or considered when making a DISSS 

diagnosis of a DST condition. Given this wealth of information available regarding each individualôs profile 

of DST symptoms from the DISSS and the high degree of reliability in these judgments, DST disorder status 

as determined using the DISSS (within the LAB sample only) was used as our criterion standard for assessing 

the MIST-Aôs known-group discrimination and diagnostic accuracy statistics/cut-off scores. As missing 

covariate data were present in only one case, we opted to handle missing data using listwise deletion for the 

regression analysis only.  

As a test of MIST-A subscale validity, we constructed Bayesian ordered-probit regression models 

(cumulative likelihood with probit link; Bürkner & Vuorre, 2019) in which each DISSS-operationalized DST 

diagnosis (measured ordinally: Clinical > Subclinical > No Diagnosis) was regressed on all MIST-A EAP T-

scores (within the same model), age, sex, and full-scale IQ (as measured by the WASI-II; Wechsler, 2011). 

Models were fit in a Bayesian framework using the brms R package (Bürkner, 2017), with t3(0, 2.5) prior 

distributions on all intercepts and Normal(0, 0.5) distributions on all slope parameters. Continuous variables 

were normalized before model fitting, allowing the regression slopes to be interpreted as standardized effect 

sizes on the latent outcome scale (e.g., bStd of 0.5 indicates that a 1 SD increase in the predictor [e.g., 

misophonia scores] results in a half-SD increase in the latent outcome [e.g., misophonia caseness]). We 

additionally tested bStd values against a region of practical equivalence (ROPE; Kruschke, 2018), a null region 
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surrounding zero (in this case bStd = [-0.1, 0.1]) in which values are considered to be so trivially small as to 

be practically equivalent to zero. This was done using the ROPE Bayes factor (BFROPE; Liao et al., 2021; 

Linde et al., 2023; Makowski et al., 2019), for which values of BFROPE>3 indicated a practically significant 

group difference, values of BFROPE<1/3 indicated practically equivalent parameters, and values between 1/3 

and 3 indicated weak and inconclusive evidence for one hypothesis over the other based on standard 

guidelines (Wagenmakers et al., 2011). The probability of direction (Pd; i.e., the posterior probability that 

bStd is of the same sign [positive or negative] as its point estimate) was also provided for each regression 

slope as a Bayesian analog of a frequentist p-value (Makowski et al., 2019), although Pd values were not used 

to determine the significance of effects. As MIST-A subscales generally corresponded to specific DST 

dimensions/disorders, we hypothesized that each subscale would uniquely predict its corresponding disorder 

(i.e., demonstrating a practically significant association with that disorder but not with other disorders), after 

controlling for the other MIST-A subscales and relevant covariates.  

To further assess the ability of MIST-A subscales to screen for DST disorders and determine optimal 

cut points for screening, we constructed receiver operating characteristic (ROC) curves using MIST-A scales 

as continuous predictors and binary DST disorder status (clinical diagnosis vs. subclinical/no disorder), 

matching each DST diagnosis to its most relevant MIST-A dimension for the purpose of computing ROC 

curves. Area under the curve (AUC) was provided descriptively (with a 95% highest-density credible interval 

[CrI] based on Bayesian bootstrapping with 5,000 resamples), and an optimal cut point was then chosen 

based on (a) a minimum sensitivity (Se) and specificity (Sp) of 0.70 simultaneously in the LAB sample, and 

(b) minimization of the negative diagnostic likelihood ratio (LRï), the change in prior to posterior odds of a 

true positive when an individual screens negative (Grimes & Schulz, 2005). Using this proposed cut point, 

we presented the sensitivity, specificity, positive/negative predictive values (i.e., PPV and NPV), and 

positive/negative diagnostic likelihood ratios (i.e., LR+ and LRï), as well as the 95% CrIs of those 

coefficients based on stratified Bayesian bootstrapping (10,000 resamples). We also performed a replication 

of performance for proposed cutoffs in a larger but less rigorously characterized sample of individuals with 

and without DST derived from the combined PROA and ClinDST samples (n=1919; 406 with hyperacusis, 

441 with misophonia, 141 with pain hyperacusis, phonophobia caseness not assessed) using their 

questionnaire-based DST designations (see section 4.7.2 for details) as the criterion to be predicted. The AUC 

of the MIST-A subscale was reported once again, as well as the Se/Sp/PPV/NPV/LR+/LRï in the online 

sample, along with the 95% CrIs for all parameters of interest.  

4.2.3.3 Validity Assessment 

As a final test of the MIST-Aôs validity, we sought to examine the measureôs degree of convergence 

with dimensional measures of DST symptoms and potentially related traits. A correlation matrix was 
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constructed that included (a) all MIST-A T-scores, (b) the IHSïLOUD score (hyperacusis symptoms), (c) 

the single-item pain hyperacusis frequency item (pain hyperacusis severity), (d) the DMQ-SS score 

(misophonia severity), (e) the DSM-PHONO total score (phonophobia severity), (f) the CATI-SEN score 

with the DST item removed (non-auditory sensory hyperreactivity), (g) the OASIS total score (anxiety 

symptoms), (h) the ODSIS total score (depression symptoms), and (i) VFS-A-10 (listening fatigue). Pearson, 

polychoric, or polyserial correlations were calculated as appropriate, with the IHS-GENLOUD (10 unique 

values) and the pain hyperacusis frequency item (6 unique values) treated as ordinal in these analyses. The 

full correlation matrix was calculated using Bayesian bootstrapping (5,000 resamples), using the method 

described by Rodriguez and D. R. Williams (2022), using the cor.bayesboot function within ZPack.Bayes 

(Z. J. Williams, 2024b). The posterior distributions of zero-order correlations between variables were used 

to demonstrate convergent validity; to be considered equivalent measures of a construct, two scales had to 

demonstrate correlations of r>.7 (Carlson & Herdman, 2012). However, based on prior dimensional 

associations across different DST symptom dimensions (Chapter 3; Brennan et al., 2023; Z. J. Williams et 

al., 2022), we hypothesized that all DST symptom domains of the MIST-A would correlate highly with one 

another, as well as measures of other ostensibly different DST-related constructs. Nevertheless, as these 

correlations were supposed to be representing distinct constructs, we hypothesized that all ñdivergentò 

correlations would have point estimates of less than r<.7 (demonstrating some convergence but not enough 

to be an exchangeable construct).  

In order to better ascertain the unique associations between different DST constructs and 

additionally determine the degree to which hyperacusis, misophonia, and phonophobia can be discriminated 

from one another, we also calculated the Bayesian bootstrapped matrix of partial correlations between the 

same 12 variables used for zero-order correlation analyses. We then converted the posterior mean partial 

correlation matrix into a Bayesian Gaussian Graphical Model (i.e., a partial correlation network), displaying 

all edges with a greater than 95% posterior probability of exceeding a ROPE of [-0.05, 0.05] (D. R. Williams, 

2021). Communities of nodes within the network were assigned using the Louvain community detection 

algorithm, with consensus clustering as implemented in the EGAnet package (A. P. Christensen et al., 2024). 

The structure of this partial correlation network, including the point estimate (posterior median) and 95% CrI 

of edges of interest and Louvain community structure were interpreted to assess the construct validity of the 

MIST-A scales as measures of four distinct DST constructs. For each posterior sample, we calculated the 

partial correlation network, smoothed the matrix to the nearest positive semi-definite matrix if necessary, 

and used this as the joint posterior distribution of partial correlations for all variables.  

4.3 Results 

 Demographics of the combined sample, as well as the general population and clinical subgroups 



   

 

140 

can be found in Table 4.1 (demographics by sample source can be found in Supplemental Table 4.10). The 

sample was predominantly White (83.3%), female (61.4%), and well-educated (56.6% graduated from a 4-

year college), with 22.3% and 23.4% of the sample reporting previous diagnoses of autism and ADHD, 

respectively (8.9% of the sample reported both conditions simultaneously). Notably, rates of 

psychopathology were somewhat high in the sample overall, with 31.1% and 37.5% of the general population 

sample reporting a lifetime mood or anxiety disorder diagnosis (compared to 61.7% and 68.5% of the clinical 

group), respectively. Hearing loss and tinnitus were reported in 9.0% and 32.8% of the sample, respectively, 

with relatively small differences in prevalence between the clinical and general population groups that did 

not exceed the threshold for practical significance.  

4.3.1 Dimensionality and Structural Analyses 

An initial unique variable analysis conducted on the 27 MIST-A items revealed one redundant item 

pair (items 7: ñI avoided particular activities or places because of how loud they were.ò and 8: ñI left public 

places because they were too loud for me.ò; wTO=.259), which we combined into a single nine-point ñsuper-

itemò before conducting the bootEGA. Bootstrap exploratory graph analysis of the modified item pool then 

revealed a four-community solution based on a regularized partial correlation network of the posterior mean 

correlations (Figure 4.1). The four communities generally corresponded to (a) Hyperacusis (i.e., excessive 

loudness perception, feelings of overwhelm when confronted with loud sounds, and avoidance of loud 

sounds/environments); (b) Misophonia (i.e., anger and/or disgust triggered by sounds, loss of emotional 

control due to being triggered, aggressive thoughts and actions in response to sounds); (c) Pain (i.e., physical 

pain in response to sounds, plus an additional item in which oneôs own voice was perceived as so loud as to 

be aversive when not talking quietly/whispering); and (d) Fear (i.e., acute fear, startle, or panic responses to 

sounds, different from anticipatory anxiety). Notably, these dimensions were also in concordance with the 

four-dimensional framework proposed by Tyler et al. (2014), with Hyperacusis, Misophonia, Pain, and Fear 

dimensions largely mirroring Tylerôs Loudness, Annoyance, Pain, and Fear subtypes of DST. 

Stability analysis was conducted on the bootstrapped network replications, finding that the four-

dimensional solution was the modal solution (70.0% of replications), with alternative three-dimensional and 

five-dimensional solutions present in 7.5% and 22.5% of cases, respectively. Item stability was found to be 

adequate across the majority of items (Mdn=.789, IQR [.677, 1.0]; Supplemental Figure 4.4), with all but 

one item (item 1: ñSome everyday sounds were uncomfortably loud to me.ò; stability=.323) demonstrating 

stabilities above .60 and four additional items below the cutoff of .65 (A. P. Christensen & Golino, 2021). 

However, dimension stability indices indicated that structural consistency (i.e., replication of the entire 

dimension across networks) was only strong for two of the four dimensions (Hyperacusis: .161 [poor]; Pain: 

.970 [excellent]; Fear: .623 [fair]; Misophonia: .998 [excellent]). A further inspection of the alternative 



   

 

141 

solutions produced in the bootEGA found that a number of the three- and four-factor solutions produced a 

ñfear and overwhelmò factor that combined the Fear items with other items from the Hyperacusis subscale. 

Additional combinations of Hyperacusis and Fear items, including a full collapsing of the two scales, also 

occurred in some replications. Furthermore, item 1 tapping loudness also appeared to segregate with the Pain 

items in 53.4% of replications, despite being a part of the Hyperacusis community in the overall solution 

based on correlation point estimates. No modifications to the structure were made based on item stability 

analyses alone, but items with subpar stability (i.e., <.65) in these analyses were flagged for removal if they 

demonstrated further evidence of psychometric problems. 

4.3.2 Item Response Theory Analyses 

4.3.2.1 Model Fitting and Evaluation 

After describing the multidimensional structure of the MIST-A item pool, we fit graded response 

IRT models to each bootEGA-derived dimension (i.e., Hyperacusis, Misophonia, Pain, and Fear), first in the 

general population group, then the clinical group, then both groups combined. Starting with the Hyperacusis 

dimension, a unidimensional GRM demonstrated adequate global fit in the general population group 

(C2(44)=336.7, p<.001, TLIC2=0.986, RMSEAC2=.069, CI90% [.062, .076], SRMR=.038). However, one 

residual correlation (items 22/27: r ij=.126) and two Q3 values (items 22/27: Q3=.254; items 27/7+8: Q3=.164; 

critical Q3=.118) indicated that there was significant local dependency in this model, necessitating the use of 

a bifactor structure. Based on EGA community assignments, a ñbifactor Sï1ò model (Eid, 2020) was then fit 

to the data, in which the majority of Hyperacusis items loaded only onto a general factor but five of the 11 

items (items 7+8, 9, 19, 22, and 27) loaded onto a specific factor putatively representing ñavoidance.ò This 

bifactor model demonstrated adequate global fit in both the general population group (C2(39)=121.8, p<.001, 

TLIC2=0.995, RMSEAC2=.039, CI90% [.031, .047], SRMR=.023) and the clinical group (C2(39)=295.6, 

p<.001, TLIC2=0.982, RMSEAC2=.078, CI90% [.069, .086], SRMR=0.036), and neither group demonstrated 

local misfit with residual correlations. Two of the Q3 values did slightly exceed the critical value in the 

clinical group (items 1/9: Q3=.105; items 18/19: Q3=.092; critical Q3=.086), but given the low absolute values 

of these coefficients, we opted not to alter the model further at this stage. A multigroup model with this same 

bifactor structure also demonstrated adequate global fit across groups (C2(138)=745.2, p<.001, TLIC2=0.989, 

RMSEAC2=.042, CI90% [.039, .045], SRMR=0.033), as well as no residuals greater than ±0.1. Thus, it was 

considered appropriate for further DIF (invariance) testing.  

The eight Misophonia items of the MIST-A were also fit to a unidimensional GRM in the general 

population sample, demonstrating adequate global fit (C2(20)=162.3, p<.001, TLIC2=0.984, RMSEAC2=.071, 

CI90% [.061, .082], SRMR=0.044) but significant local dependency in two item pairs (items 14/25: Q3=.125; 

items 21/24: Q3=0.143; critical Q3=.122). Based on this information and EGA community assignments, a 
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bifactor Sï1 model was again fit to the data, with three of the eight items loading onto the general misophonia 

factor and five items (14, 17, 21, 24, and 26) loading onto a specific factor putatively representing 

ñdysregulation and aggression.ò This model demonstrated adequate fit in both the general population 

(C2(15)=74.3, p<.001, TLIC2=0.991, RMSEAC2=.053, CI90% [.041, .066], SRMR=0.030) and clinical  

(C2(20)=152.7, p<.001, TLIC2=0.980, RMSEAC2=.081, CI90% [.070, .093], SRMR=0.032) samples, and 

neither group demonstrated local misfit with residual correlations. Two of the Q3 values did exceed the 

critical value in the clinical group (items 11/21: Q3=.091; items 17/24: Q3=.111; critical Q3=.089), although 

only the latter pair was large enough to require model modification; a second specific factor was added to 

allow for additional residual correlations between items 17 and 24 (representing aggressive thoughts). The 

revised bifactor model now demonstrated excellent fit in both groups (General: C2(13)=69.7, p<.001, 

TLIC2=0.991, RMSEAC2=.056, CI90% [.043, .069], SRMR=0.037; Clinical: C2(13)=75.9, p<.001, 

TLIC2=0.990, RMSEAC2=.059, CI90% [.047, .072], SRMR=0.022), as well as no local dependency. A 

multiple-group model using this structure also demonstrated excellent global fit (C2(67)=325.9, p<.001, 

TLIC2=0.991, RMSEAC2=.037, CI90% [.033, .041], SRMR=0.028) and no local misfit based on residual 

correlations. This model was also advanced to DIF testing.  

The four Pain items of the MIST-A were also fit to a unidimensional GRM, with exact fit (i.e., a 

non-significant C2 statistic) demonstrated in both the general population (C2(2)=4.29, p=.117, TLIC2=0.997, 

RMSEAC2=.029, CI90% [.000, .067], SRMR=0.020) and clinical group (C2(2)=3.14, p=.208, TLIC2=0.998, 

RMSEAC2=.023, CI90% [.000, .069], SRMR=0.013) and no local dependency in either group. No 

modifications to the model were made. A multi-group version of this unidimensional model demonstrated 

good fit as well based on approximate fit indices, but no longer exhibited exact fit (C2(22)=81.6, p<.001, 

TLIC2=0.992, RMSEAC2=.033, CI90% [.026, .041], SRMR=0.008). Additionally, this model exhibited no local 

misfit based on residual correlations. It was, therefore, advanced to DIF testing.  

The three Fear items were also fit to a unidimensional GRM, which could not be evaluated using 

the C2 statistic due to insufficient degrees of freedom. However, the only available fit index, the SRMR, was 

low in both the general population sample (SRMR=0.008) and the clinical sample (SRMR=0.010), and the 

model demonstrated no large individual residuals or significant Q3 correlations indicating local dependency. 

A multiple-group model, which did have enough degrees of freedom for limited-information fit evaluation, 

demonstrated adequate global fit using C2-based indices (C2(13)=55.1, p<.001, TLIC2=0.992, 

RMSEAC2=.034, CI90% [.025, .044], SRMR=0.009), as well as no large residual correlations. This model was, 

therefore, chosen to advance to DIF testing.  
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Table 4.1: Demographic and Clinical Characteristics of the Sample and Primary Subgroups 

 

  
Full Sample 

(N=2807) 

General Population 

(n=1410) 

Clinical  

(n=1397) 

Age (Years) 33.94 (12.31) 32.88 (12.65) 35.00 (11.87) 

Sex    

     Male 1076 (38.5%) 695 (49.3%) 381 (27.5%) 

     Female 1717 (61.4%) 715 (50.7%) 1002 (72.3%) 

     Intersex 3 (0.1%) 0 (0.0%) 3 (0.2%) 

Gender minority 387 (13.8%) 69 (4.9%) 318 (22.8%) 

Hispanic/Latino ethnicity 225 (8.0%) 135 (9.6%) 90 (6.4%) 

Race    

     Asian 222 (7.9%) 163 (11.6%) 59 (4.2%) 

     Black 166 (5.9%) 107 (7.6%) 59 (4.2%) 

     Middle Eastern/North African 43 (1.5%) 23 (1.6%) 20 (1.4%) 

     Native/Indigenous 65 (2.3%) 30 (2.1%) 35 (2.5%) 

     Pacific islander 8 (0.3%) 4 (0.3%) 4 (0.3%) 

     White 2337 (83.3%) 1097 (77.8%) 1240 (88.8%) 

     Other race 46 (1.6%) 7 (0.5%) 39 (2.8%) 

College graduate 1588 (56.6%) 754 (53.5%) 834 (59.7%) 

Autism status    

     Non-autistic 1826 (65.1%) 1331 (94.4%) 495 (35.4%) 

     Self-identified 355 (12.6%) 79 (5.6%) 276 (19.8%) 

     Professionally diagnosed 626 (22.3%) 0 (0.0%) 626 (44.8%) 

ADHD diagnosis 658 (23.4%) 12 (0.9%) 646 (46.2%) 

Lifetime anxiety disorder diagnosis 1486 (52.9%) 529 (37.5%) 957 (68.5%) 

Lifetime mood disorder diagnosis 1300 (46.3%) 438 (31.1%) 862 (61.7%) 

Hearing and DST disorders    

     Hearing loss 252 (9.0%) 104 (7.4%) 148 (10.6%) 

     Tinnitus 920 (32.8%) 427 (30.3%) 493 (35.3%) 

     Hyperacusis 473 (23.0%) 52 (4.1%) 421 (53.6%) 

     Pain hyperacusis 156 (7.7%) 6 (0.5%) 150 (19.7%) 

     Misophonia 611 (24.2%) 84 (6.0%) 527 (47.1%) 

Clinical Measures    
     IHS-LOUD 6.22 (3.08) 4.73 (2.09) 8.69 (2.86) 

     DVMSQ-SS 14.08 (12.98) 8.93 (10.01) 22.63 (12.85) 

     DMQ-SS 1.08 (1.04) 0.62 (0.73) 1.85 (1.03) 

     DSM-Phono 0.83 (0.94) 0.39 (0.59) 1.56 (0.95) 

     CATI Total 121.29 (34.64) 108.97 (28.34) 150.16 (30.68) 

     OASIS Total 6.15 (5.04) 5.53 (4.60) 6.78 (5.38) 

     ODSIS Total 4.63 (5.26) 4.14 (4.91) 5.13 (5.54) 

     VFS-A-10 Total 12.35 (10.32) 8.02 (7.71) 19.56 (10.09) 

Values are presented as M (SD) for continuous variables and n (%) for categorical variables. Percentages reflect the percentage 

of non-missing values, which primarily deviate from total ns in the ñHearing and DST disordersò rows due to lack of 

ascertainment in all subsamples. ADHD = attention-deficit/hyperactivity disorder; DST = decreased sound tolerance; IHS-

LOUD = Inventory of Hyperacusis SymptomsïGeneral Loudness subscale; DVMSQ-SS = Duke-Vanderbilt Misophonia 

Screening ScaleïSymptom Subscale; DMQïSS= Duke Misophonia QuestionnaireïSymptom Subscale; DSM-Phono = Specific 

Phobia Severity Scale for DSM-5, modified for Phonophobia; CATI = Comprehensive Autistic Traits Inventory; OASIS = 

Overall Anxiety Severity and Impairment Scale; ODSIS = Overall Depression Severity and Impairment Scale; VFS-A-10 = 

Vanderbilt Fatigue Scaleï10 item version. 
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Figure 4.1: Four-dimensional Structure of the MIST-A Derived from Bootstrap Exploratory Graph Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Structure is based on a regularized partial (Gaussian rank) correlation network of Multidimensional Inventory of Sound Tolerance in Adults (MIST-A) items (based on the posterior mean 

of 5,000 Bayesian bootstrapped correlation matrices). Positive edges are depicted in blue, and no negative edges are present. The thickness of an edge is proportional to the partial 

correlation between nodes (maximum edge weight: 0.323). The squared multiple correlation for each node (rank-based R2) is represented by the blue fraction of that nodeôs border. Items 

7 and 8 are combined into a single node due to high weighted topological overlap in a prior analysis; all other nodes represent single MIST-A items. Communities are derived using the 

Louvain community detection algorithm (A. P. Christensen et al., 2024) with consensus clustering (1,000 iterations). Descriptions of item content are abbreviated to conserve space. 
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4.3.2.2 DIF Testing 

A summary of DIF testing results can be found in Table 4.2. Starting with the Hyperacusis scale, an 

initial model testing DIF by clinical group found significant DIF in two items (item 1: ñSome everyday sounds 

were uncomfortably loud to me,ò pFDR< .001, UIDS=0.301, ESSD=0.357; and item 9: ñI used ear protection 

(e.g., earplugs or headphones) to block out everyday sounds,ò pFDR< .001, UIDS=0.493, ESSD=0.618). DIF 

on the Hyperacusis scale was also found according to misophonia status in two items (item 9: [ear 

protection], UIDS=0.329, ESSD=0.475; and item 15: ñI struggled to put up with sounds that I couldn't 

control,ò pFDR< .001, UIDS=0.338, ESSD=0.423) and autism status on two items (item 1: [everyday sounds 

uncomfortably loud to me], pFDR< .001,UIDS=0.285, ESSD=0.355; item 19: ñI ran away from or tried to 

escape loud or uncomfortable noises,ò pFDR< .001, UIDS=0.290, ESSD=-0.300), with the DIF in item 19 not 

exceeding the threshold for practical significance. No practically significant DIF was found for Hyperacusis 

across groups defined by age, sex, race/ethnicity, level of education, ADHD diagnosis, anxiety diagnosis, 

mood disorder diagnosis, and tinnitus status. The three items with significant DIF on the Hyperacusis scale 

(1, 9 and 15) were then removed from the scale, and the new model was re-fit in the combined sample, again 

demonstrating strong global fit (C2(76)=320.1, p<.001, TLIC2=0.993, RMSEAC2=.036, CI90% [.032, .040], 

SRMR=0.019). DIF testing with this revised model found no practically meaningful DIF by clinical group, 

misophonia status, autism status, age group, sex, race/ethnicity, education level, ADHD diagnosis, anxiety 

diagnosis, mood disorder diagnosis, or tinnitus (Table 4.2). The combination of items 7 and 8 (representing 

avoidance of loud places) demonstrated statistically but not practically significant DIF by misophonia status 

(pFDR<.001, UIDS=0.457, ESSD=-0.244); thus, this was deemed too trivial to warrant further model 

modifications. Therefore, the Hyperacusis scale with three items removed was finalized as the scale used for 

scoring.  

The remaining three MIST-A scales were largely free from DIF, and for none of the tested contrasts 

was the largest DIF effect size above our cutoff for practical significance (i.e., |ESSD|>0.35). Notably, in one 

case (the DIF model for Misophonia by race/ethnicity), the Wald-1 DIF model failed to converge; therefore, 

a slightly modified anchor selection procedure (in which items with values of |ESSD|<0.225 were included 

as anchors) was used to generate the DIF model in this case. After this modification, the Wald-1 model 

converged without issue, and there was no significant DIF for this contrast (all pFDR>.735, all UIDS<0.087, 

all |ESSD|<0.125).  One additional item (item 20 on the Pain scale: ñThe sound of my own voice was so loud 

that I needed to talk quietly or whisper.ò) demonstrated some small DIF according to educational status 

(pFDR=.002, UIDS=0.111, ESSD=0.213), but the DIF effect size remained within the trivial range. Thus, the 

Misophonia, Pain, and Fear scales were scored based on their initial multiple-group GRMs without further 

modifications.  
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Table 4.2: Summary of Differential Item Functioning (DIF) Testing Results by Scale and Contrast 

 

MIST -A Scale 

Clinical 

Group 
Hyperacusis Misophonia Autism 

Age 

Group 
Sex 

Race/ 

Ethnicity  
Education ADHD Anxiety Mood Tinnitus  

Hyperacusis             

Any DIF YES ð YES YES NO NO NO NO NO NO NO NO 

Sig. DIF Items 1, 9 ð 9, 15 1, 19 None None None None None None None None 

Max |ESSD| 0.618 ð 0.475 0.359 0.102 0.103 0.071 0.063 0.146 -0.168 -0.176 0.094 

Max UIDS 0.493 ð 0.338 0.292 0.117 0.123 0.091 0.138 0.142 0.190 0.178 0.103 

Hyperacusis 

(No DIF items) 

            

Any DIF NO ð YES NO NO NO NO NO NO NO NO NO 

Sig. DIF Items None ð 7+8 None None None None None None None None None 

Max |ESSD| -0.097 ð -0.244 -0.247 0.066 0.113 -0.054 0.028 -0.147 -0.153 -0.051 0.105 

Max UIDS 0.114 ð 0.457 0.243 0.072 0.133 0.069 0.066 0.155 0.169 0.072 0.112 

Misophonia             

Any DIF NO NO ð NO NO NO NO NO NO NO NO NO 

Sig. DIF Items None None ð None None None None None None None None None 

Max |ESSD| 0.133 0.162 ð 0.115 -0.141 0.136 -0.125 -0.115 -0.163 0.060 0.077 -0.042 

Max UIDS 0.183 0.197 ð 0.144 0.133 0.156 0.087 0.124 0.181 0.108 0.136 0.139 

Pain             

Any DIF NO NO NO NO NO NO NO YES NO NO NO NO 

Sig. DIF Items None None None None None None None 20 None None None None 

Max |ESSD| 0.113 0.225 0.098 0.179 -0.136 0.101 0.109 0.213 0.199 0.141 0.047 0.090 

Max UIDS 0.123 0.208 0.126 0.175 0.095 0.120 0.117 0.111 0.140 0.078 0.054 0.063 

Fear             

Any DIF NO NO NO NO NO NO NO NO NO NO NO NO 

Sig. DIF Items None None None None None None None None None None None None 

Max |ESSD| -0.089 -0.159 -0.156 -0.136 -0.051 -0.099 -0.121 0.059 -0.032 -0.045 -0.009 0.050 

Max UIDS 0.071 0.132 0.134 0.120 0.056 0.084 0.087 0.043 0.065 0.068 0.021 0.053 

If an item has practically significant DIF (|ESSD|>0.35), it is presented in bold, along with the ñYESò for that DIF contrast. Hyperacusis DIF by hyperacusis status and 

Misophonia DIF by misophonia status were not tested due to confounding of the latent trait with the grouping variable. MIST-A = Multidimensional Inventory of 

Sound Tolerance in Adults; ESSD = Expected Standardized Score Difference; UIDS = Unsigned Item Difference in the Sample; ADHD = attention-

deficit/hyperactivity disorder.  

  



   

 

147 

 

Table 4.3: Standardized Regression Slopes of MIST-A T-scores Predicting Interview-based DST Diagnoses in Laboratory Sample 
 

 

DST Outcome MIST -A Subscale bStd [95% CrI]  Pd BFROPE 

Hyperacusis Hyperacusis 0.878 [0.416, 1.396] >0.999 212 

Hyperacusis Misophonia 0.018 [-0.342, 0.405] 0.538 0.291 

Hyperacusis Pain 0.409 [0.093, 0.735] 0.994 6.45 

Hyperacusis Fear 0.158 [-0.253, 0.552] 0.778 0.473 

Misophonia Hyperacusis 0.333 [-0.143, 0.791] 0.918 1.24 

Misophonia Misophonia 0.963 [0.586, 1.356] >0.999 1.01³104 

Misophonia Pain -0.053 [-0.365, 0.257] 0.624 0.240 

Misophonia Fear -0.078 [-0.467, 0.312] 0.651 0.334 

Pain Hyperacusis Hyperacusis 0.081 [-0.561, 0.763] 0.598 0.638 

Pain Hyperacusis Misophonia 0.153 [-0.355, 0.655] 0.723 0.538 

Pain Hyperacusis Pain 1.089 [0.607, 1.610] >0.999 5665 

Pain Hyperacusis Fear 0.373 [-0.024, 0.794] 0.965 2.13 

Phonophobia Hyperacusis 0.419 [-0.135, 0.974] 0.929 1.707 

Phonophobia Misophonia -0.265 [-0.745, 0.192] 0.867 0.867 

Phonophobia Pain -0.103 [ -0.460, 0.233] 0.720 0.329 

Phonophobia Fear 0.614 [0.245, 0.992] 0.999 57.8 

Regression slopes represent the standardized beta weights from a Bayesian ordered-probit regression (1 unit reflects a 1-SD increase in the predictor [Multidimensional 

Inventory of Sound Tolerance in Adults (MIST-A) subscale T-scores] associating with a 1-SD increase in the latent trait underlying the ordinal outcome [Decreased 

Sound Tolerance (DST) disorder status]). All models additionally control for age, sex, and full-scale IQ. Practically significant effects (BFROPE>3) are presented in 

bold, whereas effects statistically equivalent to zero (BFROPE<0.333) are presented in italics. Pd = Probability of Direction; BFROPE = Bayes factor for the region of 

practical equivalence [-0.1, 0.1]. 
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Before proceeding to scoring the scale, the reduced item pool was checked for dimensionality once 

more with another bootEGA analysis. The posterior mean correlation structure generated a network that fully 

replicated the expected dimensions (Supplemental Figure 4.5), and item stability values were greater than 

.98 for all but three items. Upon further examination of the three items with low stability (stability=.483 for 

items 3, 12, and 25), these items comprised the Fear scale, which appeared to collapse into the Hyperacusis  

scale on slightly fewer than half of bootstrap replications (although the three items traveled together in all 

cases). Based on this analysis, we deemed the four-dimensional MIST-A structure (comprising nine 

Hyperacusis items, eight Misophonia items, four Pain items, and three Fear items) adequately stable and 

opted to utilize this structure in all remaining analyses.  

4.3.3 Reliability Analyses 

IRT-based MIST-A scores were generated from their respective multi-group models using the EAP 

algorithm and the general population reference group. The empirical marginal reliabilities of all MIST-A 

EAP scores were quite strong in the full sample, despite the short length of two of the subscales (Hyperacusis:   

rxx=.895, CI95% [.891, .898]; Misophonia: rxx=.869, CI95% [.864, .874]; Pain: rxx=.823, CI95% [.817, .830]; 

Fear: rxx=.811, CI95% [.805, .817]). These values were slightly improved for all but the Fear scale when zero 

cases were excluded from calculations (Hyperacusis: rxx=.902, CI95% [.899, .905]; Misophonia: rxx=.878, 

CI95% [.873, .883]; Pain: rxx=.834, CI95% [.828, .840]; Fear: rxx=.803, CI95% [.796, .810]). Conditional 

reliabilities of each of the four MIST-A subscales as a function of latent trait scores, as well as analytical 

marginal reliabilities can be found in Figure 4.2. All four scales demonstrated adequate conditional reliability 

(rxx|q>.70) for individuals across a broad range of trait levels, although individuals with below-average levels 

of DST symptoms (i.e., >0.1 SD below average on Pain or >0.5ï0.6 SD below average on the remaining 

scales) demonstrated relatively imprecise measurements. Test-retest reliabilities of the MIST-A scores also 

indicated good temporal stability of the Hyperacusis (ICC(A,1)=.861, CI95% [.780, .911]) and Misophonia 

(ICC(A,1)=.843, CI95% [.771, .894]) subscales, along with moderate temporal stability of the Pain 

(ICC(A,1)=.687, CI95% [.553, .785]) and Fear (ICC(A,1)=.716, CI95% [.598, .803]) subscales over a mean of 

approximately 10 weeks.  

4.3.4 Known-group Discrimination and Diagnostic Accuracy Testing 

A summary of focal regression parameters from the group discrimination analyses can be found in 

Table 4.3. Within the LAB sample, DISSS-based hyperacusis status was significantly predicted by MIST-A 

Hyperacusis T-scores (bStd=0.878, CrI95% [0.416, 1.396], Pd>.999, BFROPE=212) and MIST-A Pain T-scores 

(bStd=0.409, CrI95% [0.093, 0.735], Pd=.994, BFROPE=6.45), with neither MIST-A Misophonia nor Fear T-

scores predicting diagnostic status to a practically meaningful extent (BFROPE<0.473). Conversely, 
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Table 4.4: Diagnostic Efficiency Statistics for MIST-A Scores in Laboratory and Online Samples 

 

 Hyperacusis Misophonia Pain Fear 

 LAB Sample Online Sample LAB Sample Online Sample LAB Sample Online Sample LAB Sample 

AUC 
.915 

.918 [.864, .957] 

.918 

.918 [.903, .932] 

.872 

.874 [.808, .927] 

.885 

.885 [.867, .904] 

.882 

.885 [.811, .945] 

.959 

.959 [.942, .972] 

.799 

.802 [.715, .873] 

Se 
.889 

.904 [.831 .970] 

.837 

.861 [.833, .886] 

.846 

.872 [.786, .946] 

.850 

.870 [.844, .894] 

.933 

.955 [.840, 1.00] 

.957 

.961 [.930, .988] 

.852 

.878 [.780, .963] 

Sp 
.757 

.759 [.658, .855] 

.849 

.849 [.830, .867] 

.711 

.713 [.603, .806] 

.747 

.747 [.724, .769] 

.750 

.752 [.664, .829] 

.832 

.832 [.814, .849] 

.739 

.740 [.642, .824] 

PPV 
.702 

.728 [.651, .813] 

.598 

.639 [.612, .667] 

.600 

.641 [.560, .722] 

.501 

.541 [.519, .563] 

.359 

.377 [.304, .461] 

.312 

.321 [.299, .344] 

.500 

.541 [.460, .633] 

NPV 
.914 

.917 [.849, .972] 

.951 

.951 [.940, .961] 

.900 

.903 [.836, .964] 

.944 

.944 [.932, .955] 

.987 

.991 [.963, 1.00] 

.996 

.996 [.993, .999] 

.942 

.945 [.895, .986] 

LR+ 
3.66 

3.75 [2.35, 5.63] 

5.53 

5.68 [5.01, 6.43] 

2.92 

3.03 [2.05, 4.31] 

3.36 

3.44 [3.12, 3.77] 

3.73 

3.80 [2.62, 5.37] 

5.71 

5.73 [5.11, 6.36] 

3.26 

3.36 [2.28, 4.82] 

LRï 
0.147 

0.126 [0.040, 0.227] 

0.192 

0.164 [0.135, 0.198] 

0.217 

0.181 [0.073, 0.307] 

0.200 

0.174 [0.141, 0.209] 

0.09 

0.06 [0.00, 0.214] 

0.051 

0.047 [0.016, 0.085] 

0.201 

0.167 [0.047, 0.300] 

All values are presented as the observed value, along with the Bayesian point estimate (posterior median) and 95% highest density credible interval (based on stratified 

Bayesian bootstrapping; unstratified bootstrapping used for AUC estimation to allow for calculation of AUC differences from joint posterior). Cutoffs are based on the 

point on the receiver operating characteristic (ROC) curve for the LAB sample with both sensitivity (Se) and specificity (Sp) > 0.7 that minimized the negative 

diagnostic likelihood ration (LRï). These cutoffs were used in both samples to calculate diagnostic efficiency statistics. Note that no operationalized diagnosis of 

phonophobia was available in the online sample; therefore, screening performance was only calculated for the Fear subscale in the LAB sample. AUC = Area Under 

the ROC Curve; PPV = Positive Predictive Value; NPV = Negative Predictive Value; LR+ = Positive Diagnostic Likelihood Ratio. 
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Figure 4.2: Conditional Reliability and Analytical Marginal Reliability of MIST-A Subscales 

 

 
 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conditional reliability as a function of latent trait score (q) for the (A) Hyperacusis, (B) Misophonia, (C) Pain, and (D) Fear subscales of the MIST-A. 

Analytical marginal reliability (area under the curve between q = [-6, 6]) is also presented, although this notably differs from empirical marginal 

reliability reported in the main text (mean of estimated individual-level reliabilities for participants in current sample), given the impossibility of 

observing MIST-A scores at certain points along the trait distribution (e.g., no individuals truly have estimated scores of  q<-2 for any subscale).  
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misophonia status was strongly predicted by MIST-A Misophonia T-scores (bStd=0.963, CrI95% [0.586, 

1.356], Pd>.999, BFROPE=1.10³104) but not by any of the other three MIST-A subscales (BFROPE<1.24). The 

DISSS diagnosis of pain hyperacusis, unlike the broader hyperacusis diagnosis was predicted solely by the 

MIST-A Pain T-scores (bStd=1.089, CrI95% [0.607, 1.610], Pd>.999, BFROPE=5665), with none of the other 

three MIST-A T-scores demonstrating practically significant effects (BFROPE<2.12). Lastly, the DISSS 

diagnosis of phonophobia was uniquely predicted by the MIST-A Fear T-score (bStd=0.614, CrI95% [0.245, 

0.992], Pd=.999, BFROPE=57.8), with no practically significant effects of any of the three remaining MIST-A 

T-scores (BFROPE<1.71).  

A summary of ROC analyses and diagnostic efficiency statistics can be found in Table 4.4. The 

MIST-A Hyperacusis T-score demonstrated strong discrimination ability within the LAB sample 

(AUC=.915, posterior Mdn=.918, CrI95% [.864, .957]). An optimal cutoff of >60.77 T-score points produced 

a sensitivity of .889 (posterior Mdn=.904, CrI95% [.831 .970]) and specificity of .757 (posterior Mdn=.759, 

CrI95% [.658 .855]) in the LAB sample. Application of this cutoff score in the online (CLIN+PROA) sample 

yielded slightly lower sensitivity but higher specificity, with both valuesô CrIs exceeding 83% (Table 4.4). 

The Misophonia T-score discriminated nearly as well as the Hyperacusis T-score (AUC=.872, posterior 

Mdn=.874, CrI95% [.808, .927]). An optimal cutoff of >56.52 T-score points on the Misophonia subscale 

produced a sensitivity of .846 (posterior Mdn=.872, CrI95% [.786, .946]) and a specificity of .711 (posterior 

Mdn=.713, CrI95% [.603, .806]) in the LAB sample, with marginally higher values of both sensitivity and 

specificity reported when this cutoff value was applied in the online sample (Table 4.4). The Pain T-score 

demonstrated strong discrimination of individuals with and without pain hyperacusis in the LAB sample 

(AUC=.882, posterior Mdn=.885, CrI95% [.811, .945]). An optimal cutoff of >62.58 T-score points produced 

a sensitivity of .933 (posterior Mdn=.955, CrI95% [.840, 1.00]) and sensitivity of .750 (posterior Mdn=.752, 

CrI95% [.664, .829]). When applied in the online sample, the sensitivity of this cutoff score increased slightly, 

and the specificity was substantially increased (Table 4). Lastly, the MIST-A Fear T-score demonstrated 

numerically lower discriminative ability than the other three scales (94.9ï99.9% posterior probability of a 

lower population AUCs; AUC=.799, Mdn=.802, CrI95% [.715, .873]), although an optimal cutoff of >56.50 

T-score points still produced a sensitivity of .852 (posterior Mdn=.878, CrI95% [.780, .963]) and specificity 

of .739 (posterior Mdn=.740, CrI95% [.642, .824]) in the LAB sample. As noted previously, this cutoff could 

not be tested in the online sample due to the lack of a phonophobia case definition in that sample.  

4.3.5 Correlation Analyses and Construct Validity 

A summary of the MIST-A subscaleôs zero-order correlations with other measures can be found in 

Table 4.5, and partial correlations between these scales can be found in Figure 4.2 and Supplemental Table 

4.11. All of the zero-order correlations between the MIST-A subscales were large (Mean r=.720, Minï 
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Table 4.5: Correlations of MIST-A Subscales with Other Decreased Sound Tolerance Measures and Related Constructs 

 

  

  

MIST -A 

HYP 

MIST -A 

MISO 

MIST -A 

PAIN 

MIST -A 

FEAR 

IHS 

LOUD 

Pain 

FREQ 
DMQ-SS DSM-Phono CATI -SEN OASIS ODSIS VFS-A-10 

MIST -A HYP ð [0.760, 0.794] [0.745, 0.780] [0.802, 0.830] [0.773, 0.806] [0.677, 0.734] [0.721, 0.767] [0.792, 0.820] [0.696, 0.741] [0.319, 0.392] [0.246, 0.317] [0.746, 0.786] 

MIST -A MISO  0.777 ð [0.570, 0.625] [0.665, 0.708] [0.562, 0.623] [0.457, 0.540] [0.782, 0.818] [0.641, 0.693] [0.568, 0.628] [0.282, 0.356] [0.234, 0.307] [0.563, 0.625] 

MIST -A PAIN  0.763 0.598 ð [0.658, 0.703] [0.742, 0.780] [0.789, 0.835] [0.527, 0.601] [0.658, 0.712] [0.624, 0.679] [0.216, 0.292] [0.166, 0.243] [0.639, 0.695] 

MIST -A 

FEAR 
0.816 0.687 0.68 ð [0.635, 0.686] [0.529, 0.604] [0.629, 0.686] [0.704, 0.745] [0.628, 0.681] [0.368, 0.440] [0.274, 0.345] [0.633, 0.688] 

IHS-LOUD 0.789 0.593 0.761 0.662 ð [0.804, 0.848] [0.637, 0.694] [0.730, 0.769] [0.651, 0.711] [0.432, 0.502] [0.328, 0.405] [0.703, 0.746] 

Pain-FREQ 0.706 0.499 0.812 0.567 0.826 ð [0.492, 0.568] [0.599, 0.653] [0.461, 0.577] [0.353, 0.442] [0.249, 0.347] [0.587, 0.653] 

DMQ-SS 0.745 0.801 0.564 0.658 0.667 0.53 ð [0.753, 0.798] [0.543, 0.611] [0.463, 0.536] [0.345, 0.427] [0.604, 0.665] 

DSM-Phono 0.807 0.668 0.685 0.724 0.750 0.626 0.777 ð [0.517, 0.586] [0.515, 0.582] [0.370, 0.454] [0.706, 0.752] 

CATI -SEN 0.719 0.598 0.653 0.654 0.682 0.518 0.578 0.55 ð [0.030, 0.123] [0.045, 0.132] [0.552, 0.622] 

OASIS 0.357 0.320 0.252 0.405 0.467 0.397 0.500 0.546 0.077 ð [0.706, 0.748] [0.496, 0.567] 

ODSIS 0.282 0.268 0.203 0.309 0.369 0.298 0.389 0.412 0.090 0.727 ð [0.375, 0.458] 

VFS-A-10 0.766 0.595 0.666 0.660 0.726 0.619 0.635 0.729 0.586 0.531 0.418 ð 

Correlations are the posterior means of 5,000 Bayesian bootstraps (below diagonal) and the 95% highest-density credible interval (above diagonal) based on Bayesian 

bootstrapping procedure. Pearson correlations were used in all cases except for the Inventory of Hyperacusis SymptomsïGeneral Loudness subscale (IHS-LOUD) and 

Pain Frequency item (Pain FREQ), which were treated as ordinal and therefore examined using polyserial correlations (when examined in relation to other continuous 

variables) and polychoric correlations (when examined in relation to each other). Correlations with point estimates of r>.70 are presented in bold. MIST-A = 

Multidimensional Inventory of Sound Tolerance in Adults; HYP = Hyperacusis subscale; MISO = misophonia subscale; PAIN = pain (pain hyperacusis) subscale; 

FEAR = fear (phonophobia) subscale; DMQïSS = Duke Misophonia QuestionnaireïSymptom subscale; DSM-Phono = Specific Phobia Severity Scale for DSM-5, 

modified for Phonophobia; CATI = Comprehensive Autistic Traits Inventory; CATI-SEN = CATI Sensory Subscale; OASIS = Overall Anxiety Severity and 

Impairment Scale; ODSIS = Overall Depression Severity and Impairment Scale; VFS-A-10 = Vanderbilt Fatigue Scale for Adultsï10-item version. 
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Figure 4.3: Partial Correlation Network of MIST-A Subscales and Related Constructs 

 
Structure is based on a threshold-based partial (Pearson/Polychoric) correlation network of decreased sound tolerance summary scores and putative correlates (based on the posterior 

mean of 5,000 Bayesian bootstrapped partial correlation matrices). Positive edges are depicted in blue, and negative edges are depicted in red. Only edges with a posterior probability of 

>.95 of having correlation magnitude greater than [-0.05, 0.05] in the direction of the point estimate are displayed. The thickness of an edge is proportional to the partial correlation 

between nodes (maximum edge weight: 0.520). The squared multiple correlation for each node (R2) is represented by the blue fraction of that nodeôs border. Communities are derived 

using the Louvain community detection algorithm (A. P. Christensen et al., 2024) with consensus clustering (1,000 iterations).
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Max=[.598, .816]), as were the correlations between DST scales in general (Mean r=.698, MinïMax=[.499, 

.826]), Notably, the vast majority of DST measures demonstrating ñstrong convergenceò (i.e., r>.7) did appear 

to be measuring the same underlying constructs. One sizable exception to this was the MIST-A hyperacusis 

subscale, which demonstrated zero-order correlations of r>.7 with all other DST measures, whether or not they 

were derived from the MIST-A (as well as the VFS-A-10), suggesting substantial shared variance or construct 

overlap between hyperacusis, all other DST, and another form of auditory symptoms (listening fatigue). A 

similar amount of convergence emerged between OASIS/ODSIS scores (r=.727, CI95% [.706, .748], which 

represented the closely related constructs of depression and anxiety), but not between either of those constructs 

and any MIST-A subscale or other DST measure.  

Examination of the Bayesian bootstrapped partial correlation network, in which all edges represented 

the correlation of two variables after controlling for all other variables in the network (Figure 4.3; Supplemental 

Table 4.11) demonstrated three communities of nodes, which we interpreted as (a) ñDistress-based DST 

reactionsò (MIST-A Hyperacusis, MIST-A Misophonia, MIST-A Fear, DMQ-SS, and DSM-Phono scores), (b) 

ñPain/discomfort-based DST reactionsò (MIST-A Pain, IHS-LOUD, and Pain frequency item), and ñNon-DST 

symptomsò (CATI-SEN, OASIS, ODSIS, and VFS-A-10). The MIST-A Hyperacusis subscale was a highly 

central node in the ñDistress-based DSTò community, with significant edges connecting it to the MIST-A Fear 

subscale (rp=.339, CrI95% [.288, .388]), the MIST-A Misophonia subscale (rp=.292, CrI95% [.224, .350]), the 

VFS-A-10 score (rp=.260, CrI95% [.194, .324]), and the sound-induced pain frequency item (rp=.150, CrI95% 

[.059, .248]), but notably not the IHS-LOUD subscale that it was expected to converge most with. Alternatively, 

within the same ñDistress-based DST reactionsò community, the Misophonia subscale of the MIST-A 

demonstrated its strongest partial correlation with the other putative measure of misophonia symptoms (the 

DMQ-SS; rp=.521, CrI95% [.486, .558]; significantly larger than its second strongest connection, MIST-A 

Hyperacusis: ærp=.224, CrI95% [.148, .312], Pd>.999). Much like the Hyperacusis subscale, the MIST-A Fear 

subscale was not significantly connected to its primary hypothesized correlate (the DSM-Phono scale) in the 

partial correlation network and instead had its strongest connections to the MIST-A Hyperacusis and CATI-

SEN subscales.  

Within the ñPain-based DST reactionsò community, the single-item assessment of sound-induced pain 

correlated approximately the same amount with the MIST-A Pain subscale (rp=.477, CrI95% [.413, .530]) and 

the IHS-LOUD (rp=.466, CrI95% [.378, .548]), ostensibly due to all three of the measures tapping the construct 

of sound-induced pain/discomfort. Although the IHS-LOUD did not demonstrate significant edges connecting 

it with any of the MIST-A subscales, it did have a significant edge connecting it to non-auditory hyper-

reactivity, as operationalized using the CATI-SEN (rp=.197, CrI95% [.149, .274]). In the ñNon-DST symptomsò 

community, mental health symptoms (anxiety and depression) were significantly linked to DST only via the 
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OASIS, with the anxiety measure demonstrating significant negative partial correlations with three other nodes 

(CATI-SEN, MIST-A Hyperacusis, and MIST-A Pain) in addition to its pattern of largely small-to-moderate 

positive correlations with most other symptom measures. Listening fatigue was connected relatively selectively 

to other measures in the network, particularly MIST-A Hyperacusis scores (rp=.260, CrI95% [.194, .324]), 

MIST-A Pain scores (rp=.141, CrI95% [.060, .226]), CATI-SEN scores (rp=.154, CrI95% [.064, .251]), and 

OASIS scores (rp=.261, CrI95% [.188, .331]), whereas ODSIS scores only connected to OASIS scores. 

4.4 Discussion 

 Decreased sound tolerance disorders of hyperacusis, misophonia, and phonophobia represent 

substantial sources of suffering and disability in the population, but current instruments to screen for these 

conditions and dimensionally assess their symptoms in clinical and research settings have largely focused 

solely on single dimensions of the DST spectrum. The current study presents a major advance in DST research 

by describing the initial psychometric validation of the MIST-A, a novel four-dimensional self-report measure 

of DST symptoms that assesses the domains of Hyperacusis, Misophonia, (sound-induced) Pain, and Fear 

(phonophobia). Our results indicate that the MIST-A has a robust latent structure that comports with the 

theorized DST subdimensions used in scale construction (Tyler et al., 2014), as well as strong marginal and 

test-retest reliability, and negligible differential item functioning across a wide range of contrasts. Importantly, 

all MIST-A subscales are invariant by autism and ADHD status, suggesting that adults with and without these 

neurodevelopmental conditions can be meaningfully compared on the four DST domains of interest without 

substantial bias. The MIST-A is also the first DST measure to clearly demonstrate specificity of each of its 

subscales for the disorder of interest, as multivariate analyses indicated that only the intended subscales 

significantly predicted interview-based DST diagnoses in our moderately-sized laboratory sample. The 

sensitivity, specificity, and diagnostic likelihood ratios of all MIST-A subscales were also adequate in both the 

laboratory sample and a larger online sample utilizing less rigorous questionnaire-based case definitions of 

hyperacusis and misophonia. These findings support the use of the newly developed MIST-A as both (a) a 

dimensional measure of DST symptoms and (b) a screening measure for hyperacusis (including pain 

hyperacusis), misophonia, and phonophobia in research settings, with potential applications to clinical practice. 

Despite the strong psychometric performance of the MIST-A in the current study, it is notable that 

correlation-based assessments of the measureôs construct validity diverged somewhat from prior expectations. 

For instance, although each MIST-A subscale met our criterion for ñstrong convergenceò (r>.70) with another 

measure of the same DST construct, we found a substantial amount of ñstrong convergenceò between DST 

measures that were not expected to exhibit correlations of this magnitude (i.e., the MIST-A Hyperacusis scale 

and all non-hyperacusis measures other than the OASIS/ODSIS). If anything, this strong correlation of the 
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ñHyperacusisò subscale of the MIST-A suggests that our measureôs definition of the hyperacusis construct 

(encompassing the broader spectrum of anxiety/overwhelm/emotional distress/avoidance and response to 

sounds) likely includes a construct that extends beyond the bounds of just ñloudness hyperacusisò and ñpain 

hyperacusis.ò This was further demonstrated in the analysis of partial correlations, in which the MIST-A 

Hyperacusis scale co-segregated with other measures of ñDistress-based DST symptoms,ò whereas the IHS-

LOUD score (a more specific set of three items tapping only loudness and pain responses) associated more 

strongly with the other indicators of ñPain Hyperacusis.ò The community-finding algorithm generated evidence 

for a clear differentiation between DST and non-DST symptom dimensions, although clear cross-method 

convergence in the network was only observed for Misophonia and Pain subscales (as opposed to Hyperacusis 

and Fear subscales). It remains unclear at this time whether these empirical results reflect psychometric issues 

with the construct of hyperacusis, the construct of phonophobia, the proposed differentiation between the two 

of them, or ways in which one or both of these constructs were operationalized in the present study. However, 

in light of results such as these that demonstrate constructs that may be defined more broadly than intended to 

capture the phenomenon of interest, care must be taken to minimize the amount of artifactual scale overlap in 

future iterations of the MIST-A and other DST measures, as this can potentially limit the utility of these 

measures. Although the current results from group discrimination and univariate screening analysis support the 

ability of MIST-A subscales to screen for various DST disorders (even when some of those constructs have yet 

to be precisely differentiated), additional work is needed to further define the boundaries of each DST construct, 

particularly hyperacusis, to ensure that various domains of DST symptoms can be appropriately operationalized 

and assessed in research and practice. 

4.4.1 The Latent Structure of DST  

The present study is the first to generate a data-driven latent structure of the DST symptom landscape. 

The pool of items included in the MIST-A covered the four DST domains proposed by Tyler et al. (2014): 

Loudness, Annoyance, Pain, and Fear, with additional items seeking to capture experiences of ñsensory 

overloadò articulated in first-person accounts of autistic individuals (Belek, 2019). Although the empirically 

derived latent structure of the MIST-A was largely consistent with our expectations of the item content, there 

were several surprises. First, the Hyperacusis scale included far more ñFearò content (i.e., items originally 

written to tap aspects of phonophobia) than originally expected. The ñsensory overloadò items also loaded with 

the Hyperacusis factor, consistent with these being a part of the autistic (and likely non-autistic, given the lack 

of non-invariance) experience of hyperacusis. A narrower definition of ñFearò (i.e., acute fear/panic/startle 

reactions to sounds) emerged as a separate factor rather than a subdomain of hyperacusis, although this factor 

did have the smallest degree of separation from the hyperacusis factor and lowest stability in bootEGA 
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analyses; this may have been due to the fact that the Fear factor contained only three items and that both it and 

the Hyperacusis item tapped different aspects of sound-induced fear/anxiety. The Pain factor, another purported 

aspect of hyperacusis, demonstrated very high structural integrity in the bootEGA analysis, and although some 

overlap with certain ñloudnessò items was seen, this construct largely remained separate throughout the 

bootstrap iterations. Notably, items assessing misophonia were also clearly separated from items assessing 

hyperacusis, with the two items that exhibited DIF by misophonia status (ñI struggled to put up with sounds 

that I couldn't control.ò and ñI used ear protection (e.g., earplugs or headphones) to block out everyday 

sounds.ò) subsequently removed from the Hyperacusis scale. The four empirical dimensions of Hyperacusis, 

Misophonia, Pain, and Fear mirrored the theory-driven DST subtypes proposed by Tyler et al. (2014), providing 

some of the first empirical support for the now decade-old taxonomy for conceptualizing disorders of sound 

tolerance. Though it remains somewhat unclear how much ñloudnessò is a distinct dimension when compared 

to the anticipatory anxiety, overload, general distress, and avoidance also included in the empirical hyperacusis 

construct, there appears to be a strong association between self-reported loudness disturbance and broader 

emotional distress related to that disturbance when measured using the MIST-A. Current evidence supports 

their collapsing together into a unified construct, at least until a more granular assessment of these 

subdimensions is available.  

4.4.2 Relevance of the MIST-A to DST Research and Practice 

Another substantial contribution of the MIST-A is the fact that it is only the second measure of DST 

symptoms (after the DVMSQ, also developed by our group; Z. J. Williams et al., 2022) to be validated in the 

autistic population or formally tested for invariance between autistic and non-autistic adults. This is notable, as 

there is substantial evidence demonstrating the disproportionate burden of DST disorders in autistic individuals 

(Chapter 2; Z. J. Williams et al., 2021; Z. J. Williams, Suzman, et al., 2021b), and this evidence base 

presupposes that these symptoms are measured equivalently across populations. When examined, two of the 

MIST-A Hyperacusis scale items demonstrated statistically significant DIF, with one item ultimately removed 

due to DIF above our practical significance threshold in this group. As DIF by autism status has never been 

formally tested in the majority of self-report DST measures used in autistic people, it is quite possible that 

commonly used measures of hyperacusis or misophonia symptoms may contain a sizable portion of items 

whose parameters vary by autism status, leading to significant bias in group-level score comparisons. 

Importantly, large latent mean differences in all MIST-A dimensions were observed in our autism DIF models 

(ds>1.03), clearly indicating that autism-related increases in DST remain substantial when measurement 

artifacts are eliminated. However, additional research examining DST in the autistic population, and 

particularly work that compares autistic and non-autistic individuals on DST-related outcomes, will be most 
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rigorous if any DST outcome measures used are tested for DIF and ideally demonstrate approximate 

measurement invariance (i.e., a negligible degree of DIF, regardless of statistical significance) by autism status.  

In practice, the primary use of the MIST-A will likely be as a dimensional measure of DST 

symptomatology that simultaneously quantifies an individualôs level of hyperacusis, misophonia, pain 

hyperacusis, and phonophobia. The measure is brief enough to permit its use in settings such as routine outcome 

monitoring (Boswell et al., 2015) for patients with DST disorders undergoing longitudinal clinical care, and 

individual-level assessment of reliable change in any DST domain can also be determined using a combination 

of the IRT-based EAP score and its standard error at two timepoints (Brouwer et al., 2013; Hays et al., 2021; 

Maydeu-Olivares, 2021). By providing multidimensional characterization of DST symptoms, the MIST-A 

necessarily ensures that participants are assessed along the four major dimensions of DST, allowing researchers 

to test differential associations between these dimensions and correlates of interest. Indeed, the increased use 

of the MIST-A to phenotype participants with hyperacusis and/or misophonia will help to limit the number of 

studies assessing one DST disorder that do not include a symptom measure of the other in their characterization. 

Moreover, by providing additional DST measures to use as covariates beyond the primary DST dimension of 

interest, the MIST-A can allow researchers to be more confident that any associations between their primary 

construct of interest and putative correlates are not confounded by highly-related domains of DST. Future 

methodological work is also necessary to ensure that multidimensional measures of the DST phenotype 

(including both the MIST-A and ad-hoc combinations of unidimensional measures) can minimize 

methodological artifacts that inflate the overlap between DST dimensions, such that the observed associations 

between hyperacusis, misophonia, and phonophobia approximate the true correlations between these 

constructs. 

In addition to its use as a dimensional symptom measure, the MIST-A is also the first DST measure 

to date to have its screening properties thoroughly examined in a deeply-phenotyped laboratory sample of 

adults with and without each of the four major DST disorders. This sample is particularly unique, as it employs 

a semi-structured diagnostic interview (the DISSS), which operationalizes our groupôs diagnostic criteria for 

loudness hyperacusis, pain hyperacusis, misophonia, and phonophobia (Z. J. Williams, 2022) in order to 

provide a ñgold standardò diagnosis to use as a reference criterion for the MIST-A. Although the DISSS has 

not yet been formally validated and published (an initiative that is currently in progress), it is notable that all 

DST disorders are clinical diagnoses with limited consensus regarding necessary assessment or evaluation 

procedures (Henry et al., 2022). Thus, the use of a standardized (albeit not formally validated) clinical interview 

to define hyperacusis, misophonia, pain hyperacusis, and phonophobia caseness in the current study represents 

a substantial advance over previous studies, which utilized either mean loudness discomfort levels (Aazh et al., 

2022) or patient self-report of whether they felt they met the criteria for a given DST disorder after reading a 
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definition of the condition (Allusoglu & Aksoy, 2023; Simner et al., 2024). Notably, despite a more rigorous 

case definition than these previous studies, the MIST-A demonstrated stronger overall screening performance 

than other multidimensional DST questionnaires such as the SSSQ or the DSTS-S (Aazh et al., 2022; Allusoglu 

& Aksoy, 2023), and when using a larger sample and operational case definition based only on questionnaire 

responses (similar to other studies to date), screening performance of the MIST-A scales increased further. 

Arguably, compared to frequently-used criteria such as self-identification with a DST condition and the ad-hoc 

survey-based case criteria used in the PROA/ClinDST samples (see also Chapter 2), the MIST-A screening 

cutoffs derived from the present study may be useful as indicators of potential ñclinically significant DSTò in 

future work. Additional replication and extension of our findings are necessary to further confirm the utility of 

the presently defined screening cutoffs, the performance of which were well-replicated in our large online 

sample. Although further research is needed to evaluate the screening performance of the MIST-A in care-

seeking populations, preliminary results from our limited laboratory sample indicate that the measure could 

also be used to aid in the (differential) diagnosis of multiple DST conditions (ideally preceding some form of 

confirmatory clinical interview). To facilitate the use of the MIST-A as a screening questionnaire in research 

and routine clinical practice, we have constructed a freely-available score calculator that allows users of the 

scale to easily calculate normed EAP scores and T-scores for all MIST-A subscales, as well as personalized 

(score-specific) diagnostic efficiency statistics (available online at 

https://asdmeasures.shinyapps.io/MISTA_score/). We are hopeful that the ease of use of this measure 

encourages its uptake within the DST field, contributing to further independent psychometric validation and a 

broader evidence base for its use in research and clinical practice.  

Despite the overall strong psychometric performance of the MIST-A and the methodologic strengths 

of the current study, there were a number of weaknesses and limitations in our investigation as well. As a 

primary limitation, the present study was a secondary data analysis of multiple heterogeneous studies, in which 

participants completed the measure of interest in different assessment batteries, via different survey platforms, 

in different research contexts, and as part of studies with different goals. It is difficult to quantify the degree to 

which study-specific factors could have influenced individual response patterns on the MIST-A, as formal tests 

of DIF by study were not able to be undertaken (due to unobserved item response patterns in certain studies). 

Nevertheless, none of the final MIST-A subscales demonstrated appreciable DIF by clinical status (which 

largely split participants between the PROA sample and remaining studies), suggesting that any study-specific 

factors unique to the PROA study were not large enough to meaningfully influence MIST-A item responses. 

Another limitation concerns the versions of the MIST-A completed by participants, as a number of individuals 

(primarily in the AUT sample) completed an earlier version of the measure that excluded three of the scaleôs 

items. Although full-information maximum likelihood fitting of IRT models and EAP scoring both allow for 

https://asdmeasures.shinyapps.io/MISTA_score/
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principled handling of missing data (Mislevy, 2016; Xiao & Bulut, 2020), the systematic omission of three 

items by approximately half of the autistic participants likely reduced our power to detect autism-related DIF 

in those three items (items 15, 18, and 20 of the original form). One of these items was ultimately removed 

from the scale (due to DIF by misophonia status), although future investigations may be warranted to confirm 

that the remaining two items (on the Hyperacusis and Pain scales, respectively) do not demonstrate significant 

DIF by autism status. Other measures, such as hyperacusis status, were variably defined across the studies, 

limiting the number of non-missing datapoints in certain studies and causing a somewhat large portion of 

certain samples to be removed from the DST-related DIF contrasts. However, we had sufficient power to detect 

DIF according to DST status that was below our practical significance threshold, and thus it is unlikely that 

additional power for these analyses would have yielded substantially different results.  

Another limitation of the MIST-A itself is the fact that the measureôs Pain and Fear subscales 

contained four and three items, respectively, contributing somewhat more limited test information (and 

therefore lower reliability across the full latent trait distribution) compared to the longer Hyperacusis and 

Misophonia subscales. Although the conditional reliability distributions of these subscales were surprisingly 

similar in their ñregions of adequate reliability,ò these regions were nevertheless somewhat constrained for 

both the Fear and Pain scales and particularly in the negative portion of the latent trait distribution. In future 

iterations of the MIST-A, it may therefore be fruitful to improve the degree to which these subscales in 

particular can provide coverage of the full trait distribution by including more items tapping each construct, 

particularly those with a low ñdifficultyò (i.e., high level of endorsement).    

The current study also leaves many psychometric properties of the MIST-A unexplored. As a measure 

that could be used in the future as a patient-reported outcome in clinical settings, evidence of sensitivity to 

change with intervention (Stratford & Riddle, 2005) and benchmarks for the ñminimal clinically important 

differenceò (Angst et al., 2017) have yet to be determined. Longitudinal invariance, particularly over the course 

of treatment (e.g., Stochl et al., 2022) is also important to establish if scales such as the MIST-A are to be used 

in routine outcome monitoring. As a final limitation, the current study population was not fully representative 

of all potential use cases. Participants were largely recruited from online community/convenience samples, 

were majority White, highly educated females, and reported high levels of psychopathology. Although none of 

these factors were associated with DIF in MIST-A responses, there remains the possibility that some heavily 

under-sampled demographic groups (e.g., individuals with less than a high school education, specific 

racial/ethnic groups, or gender minorities) may have substantially different response processes that would 

greatly influence or even invalidate their IRT-based scores on certain subscales. Moreover, the systematic 

exclusion of certain segments of the population (e.g., autistic and non-autistic individuals with intellectual 

disabilities, individuals with moderate/severe hearing loss, cochlear implant users, and anyone younger than 
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18) suggests that the MIST-A has undetermined validity in those populations and will need to be further tested 

in those groups before it can be used or its scores confidently applied for those individuals.  

4.5 Conclusions 

The current study presented an initial psychometric validation of the MIST-A, a 26-item 

multidimensional self-report measure of DST symptomatology that can be used to quantify individual 

differences in symptom severity or screen for the four major DST disorders of hyperacusis, misophonia, pain 

hyperacusis, and phonophobia. The MIST-A exhibited a replicable four-dimensional factor structure that was 

largely in line with theoretical expectations (i.e., aligning with the four-dimensional framework proposed by 

Tyler et al., 2014), and IRT-based (EAP) T-scores from the measure were reliable and invariant across all 

groups of interest, including adults with and without neurodevelopmental conditions such as autism and 

ADHD. The measure demonstrated strong group discrimination ability, with each subscale uniquely predicting 

only the DST diagnoses of interest in multivariate analyses and univariate screening properties exceeding those 

of any other multidimensional DST measures to date. Although there are some concerns regarding the degree 

to which the hyperacusis and phonophobia constructs are appropriately delineated, these do not appear to be 

unique to the MIST-A and may be broader issues that need to be addressed within the field of DST research. 

To increase access to IRT-based scores, we have made available a free online calculator 

(https://asdmeasures.shinyapps.io/MISTA_score/) where users of the measure can easily score individual or 

multiple forms and determine whether an individual meets the screening cutoffs outlined in this study. Overall, 

our findings indicate that the MIST-A demonstrates some of the strongest psychometric properties of any DST 

scale published to date, supporting its use in future DST research and potentially in clinical practice. We 

strongly encourage further psychometric validation of the MIST-A, as well as further development of this and 

other DST symptom measures as the knowledge base on these disorders continues to grow.  

  

https://asdmeasures.shinyapps.io/MISTA_score/
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CHAPTER 4 SUPPLEMENTARY MATERIALS  

 

 

4.7 Supplemental Methods 

4.7.1 Study Samples and Inclusion/Exclusion Criteria 

4.7.1.1 Prolific Academic (PROA) Sample 

A large online general-population sample of adults in the United States (n = 1403) was recruited from 

the Prolific crowdsourcing platform (Palan & Schitter, 2018). One prior study utilizing this sample has been 

previously published (Williams et al., 2022). This study was open to all Prolific participants aged 18 years or 

older who reported (a) living in the United States, (b) speaking English fluently, (c) having answered Prolific 

demographic questions about autism status and current mental health conditions (any non-missing response 

was sufficient for inclusion), and (d) no diagnosis of dementia or mild cognitive impairment who had 

additionally completed 50 or more previous tasks on the platform and had an approval rating of 95% or higher. 

Individuals endorsing severe/profound hearing loss or the use of cochlear implants were also excluded from 

the current study post hoc. Participants were recruited in two single-sex batches of 750 (i.e., 750 males and 750 

females, recruited concurrently) to ensure approximate sex parity. The study survey was advertised as 

examining ñsensory sensitivities,ò although participant-facing materials did not specify that the study 

investigated decreased sound tolerance (DST), hyperacusis, or misophonia specifically. Participants completed 

a questionnaire battery of approximately 20ï30 minutes in length, including demographics, medical/psychiatric 

history, DST symptoms, other sensory experiences, personality traits, psychopathology, somatic symptom 

burden, and overall quality of life, and surveys were completed on the REDCap platform (Harris et al., 2009). 

All participants who completed the Prolific task were compensated $5.00 USD for their time.  

A number of data quality checks were undertaken in order to further ensure that individuals in this 

sample were providing high-quality survey responses (Chandler et al., 2020). Participants were excluded for 

(a) failing one or more ñdirected responseò attention check items embedded within the full survey battery (e.g., 

ñTo show that you are paying attention, please leave this question blankò), (b) endorsing a diagnosis of 

Alzheimerôs disease or dementia despite denying that diagnosis on their Prolific demographics, (c) endorsing 

one or more ñinfrequencyò items in their medical history (e.g., a reported history of temporal lobectomy), (d) 

providing symptom information that was inconsistent with their lifetime medical diagnoses (e.g., endorsing 

ñmigraines caused by soundò despite denying migraines in general), (e) reporting information about their 

demographics or autism diagnostic status that was inconsistent with the information provided on their Prolific  

demographics form (e.g., inconsistent age or sex information), (f) completing the survey in an exceptionally 

short amount of time (i.e., more than three median absolute deviations below the median completion time), or 
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(g) endorsing random or dishonest responding when queried at the end of the survey with ñno penalty honesty 

checkò questions (e.g., ñDid you answer any survey questions in this survey randomly? Your answer will not 

affect your compensation for this survey.ò). Participants were also excluded if they completed the survey from 

a virtual private network, an IP address located outside of the United States, or an IP address associated with 

multiple survey respondents. Of the 1610 individuals who originally consented for the study, 1516 individuals 

completed the full Prolific survey and had their submissions approved. Of these participants, 113 individuals 

(7.5%) were excluded for failing one or more data quality check, leaving a final sample of 1403 individuals 

whose data were analyzed for the current study. 

4.7.1.2 Clinical Decreased Sound Tolerance (ClinDST) Sample 

A large international sample of individuals with clinically significant hyperacusis or misophonia (n = 

516) was recruited for an online survey study similar to that completed by the PROA sample. This sample was 

recruited predominantly through targeted postings in online spaces focused on DST (e.g., ñSupport for Pain 

Hyperacusisò and ñMisophonia Support Groupò Facebook groups, relevant subreddits, TinnusTalk), as well as 

those focused on related conditions such as autism or tinnitus. Advertisements for the study were shared on the 

first authorôs twitter account and were disseminated widely in that venue as well. Participants completed a 

questionnaire battery of approximately 30ï45 minutes in length, including demographics, medical/psychiatric 

history, DST symptoms, other sensory experiences, personality traits, psychopathology, somatic symptom 

burden, and overall quality of life, and surveys were completed on the REDCap platform (Harris et al., 2009). 

All participants who completed the survey and were judged to have contributed high-quality data were given 

$10.00 USD in Amazon gift codes.  

In order to qualify for the clinical DST study, participants had to complete a 26-item screening 

questionnaire that included contact information, demographics, an attention check question (ñTo show that you 

are paying attention, please leave this question blank.ò), several of the ñinfrequencyò items used to disqualify 

participants from the PROA sample, and questions regarding their DST and its severity that could be used to 

screen them into the study. Inclusion criteria for the study included reported age between 18 and 85 years old 

and clinically significant DST as defined by (a) screening positive on at least one of seven possible items 

(endorsing binary items screening for loudness hyperacusis, pain hyperacusis, misophonia, and phonophobia, 

agreeing at all to the Likert item ñI consider myself more sensitive to sounds than most other people,ò or 

answering self-report questions about whether or not they thought they had hyperacusis or misophonia based 

on definitions of the condition) and (b) meeting at least one ñseverity/impairmentò criterion (either reporting a 

professional diagnosis of hyperacusis/misophonia from a medical professional, having sought medical care for 

oneôs DST symptoms, responding ñAgreeò or ñStrongly Agreeò to the item ñSound sensitivity is a major 
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problem in my everyday life,ò or reporting that oneôs hyperacusis or misophonia was at least ñmoderately 

disablingò on a detailed self-report scale of DST-related disability. Regardless of clinical DST status, 

participants were excluded from the study if (a) they reported a severe/profound hearing loss or cochlear 

implant, (b) they reported a previous diagnosis of Alzheimerôs disease or dementia, (c) they reported 

experiencing ñsound-induced migrainesò but not experiencing migraines in general, (d) they reported a prior 

temporal lobectomy, or (e) they failed to correctly complete the ñleave this question blankò attention check.  

Due to the international reach of the survey, the online recruitment through social media, and the per-

person incentive of $10 USD, we utilized an extremely rigorous data monitoring protocol (including 16 

separate data quality checks) to ensure that participants who completed the study were providing valid and 

meaningful data rather than feigned responses. Participants were (a) screened for duplicate IP addresses and 

emails, (b) given several ñinstructed responseò questions throughout the survey battery, and (c) asked to provide 

information both in the screening form and later in the primary survey, with inconsistent results being flagged 

as invalid data. Several other indicators, such as impossible responses on certain measures (e.g., a self-reported 

ñaverageò response being higher than a self-reported ñworstò response on the same scale), survey completion 

times substantially less time than would be needed to read the items, incoherent responses to all free-text items, 

or clearly duplicating the free-text responses of other participants who completed the survey directly before or 

after them were all used to further flag responses as invalid. The survey was completed a total of 1937 times 

(almost certainly not by 1937 unique individuals), of which 1413 (72.9%) were judged to be invalid responses 

using the above data quality metrics. Of the remaining 524 individuals, there was a REDCap data collection 

error in several of them (n = 8) in which the demographics form was not collected, and these individuals were 

additionally excluded for a total of 516 individuals remaining in the sample.  

4.7.1.3 Mixed Neurodevelopmental Disability and Control (NDD) Sample 

The NDD sample (n = 478) was derived from an online survey study examining attention, hyper-

focus, and related constructs in adults with and without neurodevelopmental disabilities (i.e., autism and/or 

attention-deficit/hyperactivity disorder [ADHD]; Dwyer et al., 2024). Participants for this study included adults 

in four groups based on NDD status: (a) autistic adults with ADHD, (b) autistic adults without ADHD, (c) non-

autistic adults with ADHD, and (d) control adults with neither autism nor ADHD. These individuals were 

recruited from several online participant pools including the Simons Foundation Powering Autism Research 

for Knowledge (SPARK; The SPARK Consortium, 2018) cohort, CloudResearch (formerly TurkPrime; 

Litman et al., 2017), and Prolific. Autistic participants were eligible for the study if they (a) reported either a 

formal diagnosis of autism or self-identified as autistic (based on records from the participant pool and 

confirmed in the survey) and (b) scored above the screening cutoff of the 14-item Ritvo Autism and Asperger 
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Diagnostic Scale-Revised (RAADS-14 ; Eriksson et al., 2013), and ADHD participants were eligible for the 

study if they (a) reported either a formal diagnosis of ADHD or self-identified as having ADHD (based on 

records from the participant pool and confirmed in the survey) and (b) scored above the screening cutoff on the 

Adult ADHD Self-report Scale 6-item Screener (ASRS-6; Kessler et al., 2007). Control participants were 

included if they had no first- or second-degree relatives with either autism or ADHD. All participants lived in 

the United States, spoke English, were 18 years of age or older, and did not have uncorrected hearing loss. A 

short screening survey (median completion time: 2.5 minutes) was administered to assess for eligibility (with 

CloudResearch and Prolific participants who completed this earning an additional $0.55 USD). Participants 

completed a study battery with a median duration of approximately 45 minutes in length, including 

demographics, medical/psychiatric history, DST symptoms, psychopathology, personality traits, and overall 

quality of life, as well as a rating task of naturalistic sounds (data not analyzed in the current study). Surveys 

were completed on the Qualtrics platform, and participants received $15 USD for completing the study.  

This sample was also subjected to a data cleaning protocol in order to further validate the survey 

responses. Attention check questions were present in both the screening survey and primary survey battery, 

excluding individuals from both eligibility in the main study and post-hoc from the data. Additional data quality 

measures used included ñno penalty honesty checkò questions, consistency checks between the screening 

survey and primary survey (e.g., completing the ASRS-6 twice), and survey completion time. A total of 609 

unique participants both screened eligible and provided usable survey data, of which 492 (80.8%) were deemed 

valid responses. An additional 14 participants did not have any data on the measure of interest for the current 

study (the MIST-A) and were therefore excluded, leaving a sample of 478 individuals for the present 

investigation.  

4.7.1.4 Autistic Adult Auditory Study (AUT) Sample  

The AUT sample (n = 295) was derived from an online survey study specifically focusing on the 

auditory experiences of autistic adults (including both those who are formally diagnosed and those who self-

identify as having the condition). Diagnosed and self-identified autistic adults were recruited through snowball 

convenience sampling (Heckathorn, 2011), as well as leveraging existing networks and community 

organizations using online platforms and word of mouth. Eligibility for the survey included (a) age 18 years or 

older and (b) a formal diagnosis of autism or self-identification as being on the autism-spectrum (even if not 

professionally diagnosed), and respondents were not limited by country (although notably, the study was 

conducted by Australian researchers and therefore was more likely to recruit Australian participants). 

Participants in the study completed a 25ï45 minute survey battery on the REDCap platform (Harris et al., 

2009), consisting of demographics and health history, DST symptoms, autistic traits, non-DST auditory 
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experiences, and ratings of various sounds. No monetary incentives were offered for this survey, and thus, no 

attention check items were included to screen out careless/invalid responses.  

Of 484 individuals who initially attempted the survey, 296 individuals were found to have sufficient 

data on the MIST-A to be included in the current study, and one of these individuals was additionally excluded 

due to reporting a severe hearing loss. Thus, a final sample of 295 individuals was included in the present study.  

4.7.1.5 Laboratory Study (LAB) Sample 

The LAB sample (n = 115) was derived from a laboratory study seeking to investigate the 

phenomenology and correlates of DST in a moderately sized transdiagnostic sample of adults recruited at 

Vanderbilt University Medical Center. This study cohort included adults both with and without clinically 

significant DST complaints, (including adults on the autism spectrum and adults with other 

neurological/psychiatric conditions), as well as those whose DST complaints were sub-clinical. Study 

participants completed a comprehensive battery of self-report questionnaires, clinical interviews, psychological 

tests, and audiological measures (approximately 7ï11 hours of in-person testing and 1ï2 hours of online 

questionnaires) to fully characterize both their auditory and psychological/psychiatric phenotypes. Inclusion 

criteria for the study were (a) between 18ï60 years of age, (b) English fluency, and (c) being oneôs own legal 

guardian. Individuals were excluded if they (a) had a full-scale IQ < 70 or current diagnosis of intellectual 

disability, (b) had air conduction thresholds > 25 at 500 Hz, 1000 Hz, and 2000 Hz bilaterally [other frequencies 

tested, but losses were allowed], (c) if they reported a psychotic disorder within the past 12 months, (d) if they 

reported a substance use disorder in the past 12 months. Participants were compensated $20 USD per hour in 

Amazon gift codes for their time in the study, as well as an additional $25 USD Amazon gift code for 

completion of all survey measures. As participants were completing a number of the survey forms in-person, 

no attention checks or data quality measures were used to ensure valid responses.  

4.7.2 Diagnostic Group Operationalization 

Within each of the samples, different diagnoses (e.g., hyperacusis, misophonia, phonophobia, pain 

hyperacusis, autism, ADHD, tinnitus) were operationalized somewhat differently, given the different methods 

used to assess these conditions each study. Moreover, it is notable that for the four DST disorders assessed in 

the current study, no consensus-based diagnostic criteria (such as those described for psychiatric disorders in 

the Diagnostic and Statistical Manual of Mental Disorders [DSM-5-TR]; American Psychiatric Association, 

2022) have been adopted for widespread clinical use. To allow for standard operationalization of the DST 

conditions of interest, our research group has developed a set of operational diagnostic criteria for hyperacusis, 

misophonia, and phonophobia similar to those used in DSM-5-TR to classify psychiatric disorders, which have 

been published previously (Williams, 2022). Criteria for phonophobia were modified slightly from those used 
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from the DSM-5 criteria for specific phobia (Bandelow, 2017), with slight wording changes made to (a) ensure 

that the feared ñobjectò would always be a sound or sound-related situation and (b) allow ear protection use to 

count towards the ñavoidanceò criterion. Criteria for misophonia were modified from the Revised Amsterdam 

Criteria (Jager et al., 2020) and were further updated to ensure that the DISSS definition of misophonia 

conformed to the recently published consensus definition of misophonia (e.g., removing the Amsterdam 

Criteriaôs insistence that oral/nasal sounds be among an individualôs triggers, allowing frank instances of 

aggression to be reported in childhood due to their rarity in adults; Swedo et al., 2022). A 6-month duration of 

symptoms was added to this disorderôs criteria for parity with phonophobia. Lastly, because no standardized 

clinical diagnostic criteria exist for hyperacusis, we generated novel criteria for this disorder that required one 

of the two cardinal symptoms of (a) excessive loudness perception (Loudness Hyperacusis) or (b) sound-

induced pain (Pain Hyperacusis) to be present across multiple settings for at least 6 and to be associated with 

significant avoidance and clinically meaningful distress/impairment months. These supplemental criteria 

chosen for parity with other DST conditions and consistency with the definitions and clinical impact of 

hyperacusis in the literature (Fackrell et al., 2022; Ke et al., 2020). As is standard for diagnoses of this type, all 

DISSS diagnoses contained a criterion that the symptoms were not better explainable by another psychiatric, 

medical, or DST disorder.  

For the present study, we used measures within each sample to operationalize each DST disorder, 

generating operational case criteria for (a) hyperacusis (loudness or pain), (b) misophonia, (c) pain hyperacusis, 

and (d) phonophobia [LAB sample only]. Notably, the choice to conflate both loudness and pain hyperacusis 

into a single category was done because this category would accommodate the ñmixedò presentations (i.e., 

ñloudnessò hyperacusis with some sound-induced pain below the threshold for ñpain hyperacusisò) that appear 

quite common (Williams et al., 2021), as well as individuals with a prior professional diagnosis of hyperacusis 

(whose symptoms could not have been further specified). In the PROA and ClinDST samples, individuals were 

designated as having hyperacusis if they (a) reported a prior diagnosis of hyperacusis from a health professional 

or (b) met the questionnaire-based case criteria for either loudness or pain hyperacusis in the two samples. 

These case criteria were based on a combination of Inventory of Hyperacusis Symptoms (IHS; Greenberg & 

Carlos, 2018) items and ad-hoc items measuring the frequency and impact of (a) finding environmental sounds 

excessively or uncomfortably loud and (b) experiencing ear pain as a result of environmental sounds over the 

past month. To meet case criteria for hyperacusis in these studies, participants had to indicate a score of 4 

(ñvery much soò) on either IHS item 1 (ñCompared to most people, common everyday sounds seem excessively 

loud to me.ò) or 2 (ñSound can cause me pain and/or physical discomfort.ò) and experience either loudness or 

pain symptoms at a frequency of ñ4ï7 days per weekò or higher (i.e., more days than not) along with a 

corresponding impact score of 50 or higher on a 0ï100 visual analog scale for that symptom cluster. In these 
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two studies, pain hyperacusis was defined as individuals only meeting the above case criteria using the ad-hoc 

ñpain frequency/impactò items (i.e., requiring pain from sound more days than not and a pain-related impact 

score of 50 or higher). In the NDD and AUT samples, hyperacusis status was queried using previous diagnoses 

of hyperacusis by a health professional only; individuals in these samples without such diagnoses had their 

hyperacusis diagnostic status treated as missing. No pain hyperacusis diagnoses could be assigned in these 

samples. Within the LAB sample, diagnoses of hyperacusis were determined based on the Diagnostic Interview 

of Sound Sensitivity Syndromes (DISSS), a semi-structured clinical interview that fully operationalizes our 

groupôs diagnostic criteria for all DST conditions (see associated section of supplemental methods for more 

details). Individuals meeting criteria for clinically-significant loudness hyperacusis or clinically-significant 

pain hyperacusis on the DISSS were classified as having hyperacusis, whereas just individuals with clinically-

significant pain hyperacusis were classified as having pain hyperacusis. 

In the PROA and ClinDST samples, individuals were designated as having misophonia if they (a) 

reported a prior diagnosis of misophonia from a health professional or (b) met the case criteria for misophonia 

on the Duke-Vanderbilt Misophonia Screening Questionnaire (Williams et al., 2022). In the NDD sample, 

individuals were designated as having misophonia if they (a) reported a prior diagnosis of misophonia from a 

health professional or (b) self-identified as having misophonia, endorsed their symptoms as being current, and 

reporting that oneôs misophonia was at least ñmildly disablingò on the same self-report scale of misophonia-

related disability used in the ClinDST screening questionnaire. In the AUT sample, misophonia status was 

queried using previous diagnoses by a health professional only; individuals in this sample without this diagnosis 

had their misophonia status treated as missing. In the LAB sample, misophonia status was based on the DISSS, 

with diagnoses of ñclinically significant misophoniaò corresponding to classifications of misophonia in the 

current study.  

Notably, our operational phonophobia criteria (Williams, 2022) include the criterion that an 

individualôs fear or anxiety be ñout of proportion to the actual danger caused by the specific sound or situation 

(including the potential to provoke other symptoms such as hyperacusis pain).ò Thus, despite the fact that 

phonophobia symptoms were captured dimensionally in the PROA and ClinDST samples, we opted not to 

categorize individuals into binary phonophobia groups within these samples due to the lack of ability to 

operationalize this key criterion. We additionally felt that any previous medical diagnoses of phonophobia were 

possibly suspect due to the varied ways in which clinicians in different disciplines use this term (Henry et al., 

2022). Thus, only in the LAB sample, in which phonophobia was carefully assessed using the DISSS clinical 

interview and judged relative to other existing sound tolerance disorders, was a phonophobia designation 

assigned (based on a diagnosis of ñclinically significant phonophobiaò on the DISSS).  

In the majority of samples (PROA, ClinDST, NDD, AUT), we operationalized autism diagnostic 
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status as whether or not an individual reported receiving a formal diagnosis of autism from a medical 

professional at some point in their lives. This is notably different from how participants were classified into 

autism groups in some of the original study cohorts, and self-identified autistic participants remained in the 

current sample (although were not treated as autistic for the purpose of the current study and were excluded 

from all autism-related contrasts due to the ambiguity surrounding their diagnoses). Additionally, one formally 

diagnosed individual in the NDD group (recruited from Prolific rather than SPARK) who didnôt meet autism 

case criteria in that study (i.e., scored below the screening cutoff on the RAADS-14) was assigned to the non-

autism group based on this information. In the LAB sample, autism diagnostic status was determined based on 

a formal psychological evaluation by a licensed clinical psychologist specializing in neurodevelopmental 

disability assessment, including research-reliable administration of the Autism Diagnostic Observation 

ScheduleïSecond Edition, Module Four (ADOS-2; Lord et al., 2012) and when necessary, additional measures 

such as the Autism Clinical Interview for Adults (Wigham et al., 2020) or ad-hoc developmental interviews 

with participants or their parents to assess the DSM-5-TR criteria for autism. All participants in the LAB study 

who were recruited with a formal diagnosis of autism or strongly suspected that they may be autistic underwent 

a full autism evaluation by the team psychologist, and autism status in the present study (regardless of previous 

diagnosis) was based exclusively on the summary clinical judgment of the psychologist using DSM-5-TR 

criteria (supported, but not dictated by standardized measures such as the ADOS-2).  

Diagnoses of additional psychiatric and neurodevelopmental conditions, including ADHD, anxiety 

disorders, and mood disorders (i.e., depression or bipolar disorder), were operationalized in the online samples 

(PROA, ClinDST, NDD, and AUT) using prior lifetime diagnoses of these conditions by a professional. In the 

NDD sample particularly, it is notable that this operationalization is different from the way in which ADHD 

status was categorized in the original study (Dwyer et al., 2024), but this change allowed us to be more 

consistent with classifications of conditions across samples. In the LAB sample, all participants completed the 

Diagnostic Assessment Research Tool (DART; Schneider et al., 2022), a semi-structured psychodiagnostic 

interview that assesses a wide range of mental health conditions and their associated symptoms based on DSM-

5-TR criteria. This interview was conducted by either the team psychologist or the first author (a senior 

MD/PhD student and psychiatrist-in-training with substantial clinical interviewing experience), and categorical 

diagnoses of depressive/bipolar disorders, anxiety disorders, or ADHD on the DART were used to categorize 

individuals into the relevant diagnostic categories for analysis. 

Hearing loss was operationalized in three of the online samples (PROA, ClinDST, and AUT) using 

the following question: ñDo you have a hearing loss.ò (Answers: Yes / No), which was followed up with two 

additional questions asking participants whether their hearing loss was unilateral or bilateral and what level of 

hearing loss they had. If participants responded ñMILD/SLIGHT IMPAIRMENT: I am able to hear and 
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understand speech spoken in a normal voice from a distance of about 3 feet (conversational distance). I have 

trouble hearing and understanding soft (whispered) speech or speech from a farther distance, especially if 

there is background noise,ò or ñMODERATE IMPAIRMENT: I am able to hear and understand speech spoken 

in a louder voice at a distance of about 3 feet (conversational distance). I have trouble hearing and 

understanding speech spoken at a normal level even at close distances, especially if there is background noise,ò 

they were included in the study and categorized as having hearing loss, but categorization into the other two 

categories of severe/profound impairment was grounds for exclusion in every study. In the NDD study, 

affirmative answers to the question ñAre you deaf or hard of hearing?ò was used to operationalize hearing loss, 

but notably, only individuals who endorsed ñHas your hearing been corrected to normal, e.g., by hearing 

aids?ò were included in the sample. In the LAB sample, hearing loss was defined audiometrically as any pure 

tone air conduction threshold > 25 dB hearing level between 250 Hz and 8,000 Hz in either ear, with air 

conduction thresholds ascertained based on the standard modified Hughson-Westlake procedure (American 

Speech-Language-Hearing Association, 2005). 

Tinnitus was assessed in the PROA and CLINDST samples using the single screening item from the 

European School for Interdisciplinary Tinnitus Research Screening Questionnaire (ESIT-SQ; Genitsaridi et al., 

2019), with responses indicating any tinnitus lasting more than 5 minutes at a time in the past year 

demonstrating a positive screen. In the LAB sample, an adaptation of this item was given verbally as a part of 

the DISSS, and thus the threshold for endorsing tinnitus was similar (although episodes of tinnitus were 

required to occur at least monthly). For the NDD sample, participants were asked about the presence of tinnitus, 

whether their tinnitus was formally diagnosed (or whether they simply self-identified as having it), and whether 

it was current; any individual with self-identified or diagnosed tinnitus that was designated as current was 

classified as having tinnitus. In the AUT sample, only professional diagnoses of tinnitus were assessed, 

although this occurred frequently in the sample (27% prevalence), and thus no data was considered missing for 

this variable.  

4.7.3 Diagnostic Interview for Sound Sensitivity Syndromes (DISSS) 

The Diagnostic Interview for Sound Sensitivity Syndromes (DISSS) is a semi-structured modular clinical 

interview for DST disorders modeled after the DART psychiatric interview (Schneider et al., 2022). The 

measure has a section on DST-relevant medical history, general DST screening questions, disorder-specific 

screening questions, disorder-general questions (regarding the sounds that bother an individual, sound qualities 

that an individual finds most bothersome, specific activities that sound impedes, and a global impairment 

rating), four disorder-specific modules (for loudness hyperacusis, pain hyperacusis, misophonia, and 

phonophobia), and two non-diagnostic modules to capture extra DST-relevant symptoms (on ñhyperacusis 
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symptom flare-upsò and ñmiscellaneous auditory symptoms,ò respectively). Formal psychometric validation 

of this measure is currently in progress. The DISSS can be used to make ñclinical diagnosesò of DST conditions 

according to sets of operational criteria that our research group has previously published (Williams, 2022). Full 

diagnostic algorithms, which utilize specific items from the DISSS, are able to classify individuals as ñclinical,ò 

ñsubclinical,ò or ñno disorderò in each of the four DST categories (see Supplemental Tables 4.6ï4.9).  

4.7.4 Questionnaire Measures 

4.7.4.1 Inventory of Hyperacusis Symptoms 

In addition to the use of the IHS to determine hyperacusis caseness, the Inventory of Hyperacusis 

SymptomsïGeneral Loudness subscale (IHS-LOUD; Aazh et al., 2021; Greenberg & Carlos, 2018) was used 

as a measure of dimensional hyperacusis symptomatology in the present study, administered to the PROA, 

ClinDST, and LAB samples (n = 2034). This three-item subscale was derived from the longer IHS (Greenberg 

& Carlos, 2018), a 25-item self-report questionnaire that assesses five dimensions of hyperacusis 

symptomatology and functional impact [general loudness (3 items), emotional arousal (6 items), psychosocial 

impact (9 items), functional impact (5 items), and communication (2 items)], which was administered to both 

the PROA and LAB samples (the ClinDST participants received only the three IHS-LOUD items). Items are 

rated on a four-point Likert scale from 1 (ñnot at allò) to 4 (ñvery much soò). The IHS and its subscales have 

previously been demonstrated to have strong reliability, as well as some degree of convergent/divergent validity 

in both in an online sample of individuals with self-reported tinnitus/hyperacusis (Greenberg & Carlos, 2018), 

as well as a clinical sample of individuals attending a specialist tinnitus/hyperacusis clinic in the United 

Kingdom (Aazh et al., 2021). Notably, no studies have formally tested the psychometrics of this measure in 

autistic or neurodivergent individuals, although previous work from our group has demonstrated acceptable 

reliability of the IHS and IHS-LOUD in the autistic population (Chapter 3). The IHS-LOUD in particular is a 

three-item scale (range 3ï12) with items specifically measuring the loudness and pain aspects of hyperacusis 

rather than emotional arousal or functional impacts, and this subscale may potentially be more specific to the 

hyperacusis construct than general DST symptoms in a mixed DST sample (Williams et al., 2022). Thus, it 

was used rather than the broader IHS total score for tests of convergent and divergent validity in the current 

sample. In the combined sample, reliability of the IHS-LOUD score was good (Ŭ = .891). 
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Supplemental Table 4.6: Operational Diagnostic Criteria and Interview-based Algorithm for Loudness 

Hyperacusis 

 

Criterion  DISSS Item(s) 

A. Multiple commonplace sounds of low or moderate 

intensity are perceived as excessively and 

uncomfortably loud. 

¶ These experiences should occur at a frequency of 

at least once per week, regardless of how much 

effort the individual is putting into avoiding 

sounds. 

E1. (List of sounds that patient finds 

uncomfortably loud) 

 

D3. (Frequency of being bothered by 

environmental sounds) 

B. Sound-evoked loudness sensations are present across 

multiple settings and do not occur solely during 

episodes of headache stress/anxiety, bodily pain, sleep 

deprivation, or acute illness (even if exacerbated by 

those states) 

E2. (Loudness disturbance present to some degree 

most of the time, regardless of exacerbating 

factors)  

C. The individual actively avoids situations or activities 

that include loud/aversive sounds, endures these 

situations with extreme discomfort, or requires ear 

protection (i.e., insert earplugs, supra-aural earphones, 

and/or active noise cancellation technology) to cope 

with these situations. 

E3. (List of places/activities that are so loud as to 

prompt avoidance or ear protection) 

D. The duration of the disturbance in loudness perception 

is 6 months or greater 
E4. (Duration, onset, and triggering events) 

E. Sound-evoked loudness sensations and the associated 

behavioral strategies used to avoid these sensations 

cause clinically significant distress or impairment in 

social, occupational, or other important areas of 

functioning 

E5. (Clinically significant distress or impairment) 

F. The sound-evoked sensations of loudness are not better 

explained by loudness recruitment, superior 

semicircular canal dehiscence, M®ni¯reôs disease, a 

primary headache disorder (e.g., chronic migraine), or 

the physiologic effects of a substance (e.g., salicylates, 

sedative-hypnotic withdrawal) 

A. (Background and medical history 

questions) 

E2. (Loudness disturbance present to some degree 

most of the time, regardless of exacerbating 

factors) 

¶ Algorithm for ñclinically significant loudness hyperacusisò: All criteria AïF are met 

simultaneously. 

 

¶ Algorithm for ñsubclinical loudness hyperacusisò: Criteria A, B, D, and F are met simultaneously, 

without all criteria AïF being satisfied. 

Operational hyperacusis criteria slightly modified from Williams (2022) to reflect current practice in the 

laboratory study and the ways in which the criteria were operationalized in our groupôs clinical interview. 

DISSS = Diagnostic Interview for Sound Sensitivity Syndromes.  
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Supplemental Table 4.7: Operational Diagnostic Criteria and Interview-based Algorithm for Pain 

Hyperacusis 

 

Criterion  DISSS Item(s) 

A. Multiple commonplace sounds substantially below the 

typical threshold for aural pain reliably cause physical 

pain in one or both ears or the head. 

¶ If meeting the threshold for clinically significant 

pain hyperacusis, this pain should be significant 

enough to warrant clinical attention. 

F1. (List of sounds that patient reports cause 

pain) 

 

F2.1. (Clinical history regarding sound-induced 

pain) 

B. Sound-evoked pain is present more days than not   F2. (Sound-induced pain frequency)  

C. The individual actively avoids situations or activities 

that include painful sounds, endures these situations 

with extreme discomfort, or requires ear protection 

(i.e., insert earplugs, supra-aural earphones, and/or 

active noise cancellation technology) to cope with 

these situations. 

F3. (List of places/activities where sounds are so 

painful as to prompt avoidance or ear protection) 

D. The duration of the sound-induced pain is 6 months or 

greater 
F4. (Duration, onset, and triggering events) 

E. Sound-evoked pain sensations and the associated 

behavioral strategies used to avoid these sensations 

cause clinically significant distress or impairment in 

social, occupational, or other important areas of 

functioning 

F5. (Clinically significant distress or impairment) 

F. The sound-evoked sensations of pain are not better 

explained by loudness recruitment, superior 

semicircular canal dehiscence, M®ni¯reôs disease, a 

primary headache disorder (e.g., chronic migraine), or 

the physiologic effects of a substance (e.g., salicylates, 

sedative-hypnotic withdrawal) 

G. A. (Background and medical history 

questions) 

¶ Algorithm for ñclinically significant pain hyperacusisò: All criteria AïF are met simultaneously. 

 

¶ Algorithm for ñsubclinical pain hyperacusisò: Criteria A, D, and F are met simultaneously, without 

all criteria AïF being satisfied. 

Note. Operational pain hyperacusis criteria slightly modified from Williams (2022) to reflect current 

practice in the laboratory study and the ways in which the criteria were operationalized in our groupôs 

clinical interview. DISSS = Diagnostic Interview for Sound Sensitivity Syndromes.  
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Table 4.8: Operational Diagnostic Criteria and Interview-based Algorithm for Misophonia 

 

Criterion  DISSS Item(s) 

A. Presence of one or more commonplace ñtriggerò 
sounds that reliably elicit intense and inappropriate 

emotional responses, irrespective of sound intensity or 

perceived loudness. 

¶ These reactions should occur at a frequency of at 

least once per week, regardless of how much effort 

the individual is putting into avoiding sounds. 

G1. (List of misophonia triggers) 

G1a. (List of visual triggers) 

 

G1.2. (Frequency of misophonic reactions) 

B. Trigger sounds reliably evoke feelings of extreme 

irritation, anger, rage, and/or disgust that are clearly 

excessive, unreasonable, or out of proportion to the 

circumstances (whether or not the individual 

recognizes them as such) 

¶ These emotional reactions may be dependent on 

the context in which the trigger is encountered 

(e.g., not being triggered by self-produced sounds), 

but the reaction should be easily reproducible 

within a specific context.  

G1.1. (Emotional reactions to trigger sounds)  

 

G2. (Contextual factors of misophonic reactions) 

C. The individual actively avoids situations or activities 

that include trigger sounds, endures these situations 

with extreme discomfort, or requires ear protection 

(i.e., insert earplugs, supra-aural earphones, and/or 

active noise cancellation technology) to cope with 

these situations. 

G3. (List of places/activities where sounds are so 

painful as to prompt avoidance or ear protection) 

D. If unable to avoid trigger sounds or stop them from 

occurring, the individual experiences a significant loss 

of self-control, potentially resulting in emotional 

outbursts or extreme reactions (e.g., yelling/screaming, 

running out of the room, panic attacks, crying, rarely 

physical aggression).  

G4. (Loss of control and extreme reactions) 

E. The duration of misophonia is 6 months or greater G5. (Duration) 

F. Misophonic reactions and the associated behavioral 

strategies used to avoid these reactions cause clinically 

significant distress or impairment in social, 

occupational, or other important areas of functioning 

G6. (Clinically significant distress or impairment) 

¶ Algorithm for ñclinically significant misophoniaò: All criteria AïF are met simultaneously. 

 

¶ Algorithm for ñsubclinical misophoniaò: Criteria A, B, and E are met simultaneously, without all 

criteria AïF being satisfied. 

Operational misophonia criteria slightly modified from Williams (2022) to reflect current practice in the 

laboratory study and the ways in which the criteria were operationalized in our groupôs clinical interview. 

DISSS = Diagnostic Interview for Sound Sensitivity Syndromes.  
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Supplemental Table 4.9: Operational Diagnostic Criteria and Interview-based Algorithm for Phonophobia 

 

Criterion  DISSS Item(s) 

A. Marked fear or anxiety about specific sounds or 

situations in which an individual may encounter 

unpleasant sounds.  

H1. (List of anxiety-provoking situations) 

 

H1.1. (Specific fears when in anxiety-provoking 

situations) 

B. The feared sounds or situations almost always provoke 

immediate fear or anxiety. 
H2. (Frequency of fear/anxiety reactions) 

C. The individual actively avoids feared 

sounds/situations, endures them with extreme 

discomfort, or requires ear protection (i.e., insert 

earplugs, supra-aural earphones, and/or active noise 
cancellation technology) to cope with them. 

H3. (Coping strategies [avoidance, suffering 

through, ear protection, needing safe people]) 

D. The fear is out of proportion to the actual danger posed 

by the specific sound or situation (including the 

potential to provoke other symptoms such as 

hyperacusis pain) and to the sociocultural context. 

¶ Fear or anxiety should also be sufficiently more 

than what is expected for an individualôs 

developmental level  

H4. (Perceived irrationality of fear relative to 

situation) 

 

H1.1. (Specific fears when in anxiety-provoking 

situations) 

E. The fear, anxiety, or avoidance is persistent, typically 

lasting for 6 months or more 
H5. (Duration) 

F. The fear, anxiety, or avoidance cause clinically 

significant distress or impairment in social, 

occupational, or other important areas of functioning 

H6. (Clinically significant distress or impairment) 

G. The reported fear, anxiety, and avoidance is not better 

explained by symptoms of another mental disorder or 

sound tolerance disorder. 

H1.1. (Specific fears when in anxiety-provoking 

situations) 

 

DISSS Sections E/F/G (Hyperacusis/Misophonia) 

 

A. (Medical History Questions) 

¶ Algorithm for ñclinically significant phonophobiaò: All criteria AïG are met simultaneously. 

 

¶ Algorithm for ñsubclinical phonophobiaò: Criteria A, B, D, E, and G are met simultaneously, 

without all criteria AïG being satisfied. 

Operational phonophobia criteria slightly modified from Williams (2022) to reflect current practice in the 

laboratory study and the ways in which the criteria were operationalized in our groupôs clinical interview. 

DISSS = Diagnostic Interview for Sound Sensitivity Syndromes.  

  



   

 

 186 

4.7.4.2 Duke Misophonia Questionnaire 

The Duke Misophonia QuestionnaireïSymptom subscale (DMQ-SS; Rosenthal et al., 2021), 

administered to the PROA, ClinDST, and LAB samples (n = 2034), is an a self-report questionnaire that was 

used to measure of dimensional misophonia symptomatology in the present study. The DMQ-SS is a subset of 

23 items from the 86-item Duke Misophonia Questionnaire (DMQ; Rosenthal et al., 2021), assessing 

misophonia symptoms in the domains of (a) affective reactions to triggers (8 items), (b) physical reactions to 

triggers (5 items), and (c) cognitive reactions to triggers (10 items). Participants completed the DMQ-SS as 

part of an abbreviated DMQ form that included the DMQ-SS, a 16-item trigger list, one item describing the 

frequency of being triggered, and a 0ï100 visual analog scale indicating the impact of being triggered on an 

individualôs life over the past month (Williams et al., 2022). DMQ-SS items are rated on a five-point Likert 

scale ranging from 0 (ñneverò) to 4 (ñalways/almost alwaysò). The DMQ and its subscales have previously 

demonstrated strong reliability and adequate convergent/divergent validity in a moderately-sized general 

population sample (Rosenthal et al., 2021). Additionally, our previous study of the DVMSQ in the PROA 

sample and an independent sample of autistic adults (which included the DMQ-SS as an additional measure of 

misophonia symptoms) demonstrated strong convergence between the two misophonia measures (Williams et 

al., 2022). In the combined sample, the reliability of the DVMSQ-SS was excellent (Ŭ = .963). 

4.7.4.3 Specific Phobia Severity Measure for DSM-5ïModified for Phonophobia 

The DSM-5 Severity Measure for Specific Phobia (DSM-SP; Lebeau et al., 2012) is a 10-item scale 

published by the American Psychiatric Association alongside DSM-5-TR to dimensionally assess symptoms 

of specific phobias in adults. Initially, participants are asked to choose which of five common phobias (e.g., 

ñAnimals or insectsò; ñBlood, needles, or injectionsò) is most anxiety provoking for them, and they proceed to 

rate the ten scale items with regard to the topic chosen (with a one-week recall period). Items are rated on a 5-

point Likert scale with responses ranging from 0 = ñNeverò to 4 = ñAll of the time,ò and the mean score (range 

0ï4) is calculated as a dimensional index of phobia severity. The reliability and validity of the DSM-SP has 

been established in both clinical and non-clinical adult samples (DeSousa et al., 2017; Knappe et al., 2013, 

2014; Lebeau et al., 2012; MacLeod et al., 2022; Möller & Bögels, 2016). The current study used a modification 

of this measure by our research group (i.e., the DSM-PHONO), in which the DSM-SP directions were 

specifically tailored to assess assess phonophobia rather than other specific phobias (Williams, 2021; Williams 

et al., 2022). This version of the measure, administered in the PROA, ClinDST, and LAB samples (n = 2032), 

omitted the choice of phobic topics from the DSM-SP and instead administered the items with the following 

instructions: ñThe following questions ask about thoughts, feelings, and behaviors that you may have had in a 

variety of situations. Over the PAST SEVEN DAYS, how often have you experienced the following regarding 
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situations when you are exposed to loud or unpleasant sounds?ò The wording of the DSM-SP questions 

themselves was unchanged from the original version. Although this version of the measure has not been 

formally validated, it has been utilized in several prior studies as a measure of phonophobia symptoms, 

including the DVMSQ validation study (Williams et al., 2022), where it demonstrated adequate reliability and 

some divergent validity in both the PROA sample and an independent sample of autistic adults (see also 

DISSPAPER2). In the combined sample, the reliability of the DSM-PHONO (with directions modified as 

detailed above) was excellent (Ŭ = .939). 

4.7.4.4 Comprehensive Autistic Trait Inventory 

The Comprehensive Autistic Trait Inventory (CATI; English et al., 2021), a 42-item self-report 

measure of autistic traits, was administered to the PROA, AUT, and LAB samples as a dimensional measure 

of autistic traits in the current study. The CATI is a newly-developed measure of self-reported autistic traits 

that, unlike most previous measures, incorporated substantial input from autistic individuals into its content. 

CATI items are rated on a five-point Likert scale from 1 (ñDefinitely disagreeò) to 5 (ñDefinitely agreeò) 

[including a portion of reverse-keyed items], and items are grouped into six seven-item subscales of (a) Social 

Interactions, (b) Communication, (c) Sensory Sensitivity, (d) Repetitive Behavior, ú Cognitive Rigidity, and 

(f) Social Camouflage (English et al., 2021). The psychometric properties of the CATI have been extensively 

examined in a series of studies published by the questionnaire authors along with the measure in a 

predominantly general population samples (English et al., 2021), and several translations have demonstrated 

adequate psychometric properties as well (Kordbagheri et al., 2024; Meng & Xuan, 2023). In the present study, 

the CATI total score (range: 42ï210) was used as a measure of overall autistic traits (reported descriptively), 

and the score from the CATI sensory subscale (CATI-SEN; modified to exclude the single item tapping DST 

[range 6ï30]) was used as a measure of non-auditory sensory hyperreactivity. Reliabilities of both the CATI 

total score (Ŭ = .960) and CATI-SEN (Ŭ = .869) were strong in the combined sample. 

4.7.4.5 Overall Anxiety Severity and Impairment Scale 

The Overall Anxiety Severity and Impairment Scale (OASIS; Norman et al., 2006) is a five-item self-

report measure of anxiety severity and impairment, with each item rated on an ñexpandedò scale (i.e., items are 

a forced choice between multi-sentence answers that describe each level of severity in detail). Each item has 

five paragraph-long responses that are scored from ñ0ò to ñ4ò (notably, if the first item [ñFrequency of anxietyò] 

is scored ñ0,ò all other items are not answered and the total score is ñ0ò). This measure was administered as a 

dimensional assessment of general anxiety symptom severity to the PROA, ClinDST, NDD, and LAB samples 

(n = 2503). This measure has demonstrated strong psychometric properties in general population and 

psychiatric samples (Norman et al., 2006), although it has not been formally validated in autistic individuals. 
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In the combined sample, the OASIS demonstrated excellent reliability (Ŭ = .922). 

4.7.4.6 Overall Depression Severity and Impairment Scale 

Overall Depression Severity and Impairment Scale (ODSIS; Bentley et al., 2014) is a five-item self-

report measure of depression severity and impairment, modeled on the OASIS. Similar to the OASIS, each 

item is rated on a five-point ñexpandedò scale scored from ñ0ò to ñ4ò (notably, if the first item [ñFrequency of 

depressionò] is scored ñ0,ò all other items are not answered and the total score is ñ0ò). This measure was 

administered as a dimensional assessment of depression symptom severity to the PROA, ClinDST, NDD, and 

LAB samples (n = 2503). This measure has demonstrated strong psychometric properties in general population 

and psychiatric samples (Bentley et al., 2014), although it has not been formally validated in autistic 

individuals. In the combined sample, the ODSIS demonstrated excellent reliability (Ŭ = .920). 

4.7.4.7 Vanderbilt Fatigue Scale for Adultsï10 item version 

Adults with hearing loss often report feeling fatigued after being in situations that require prolonged 

listening, an experience referred to as listening-related fatigue (Davis et al., 2021). However, this construct has 

not, to our knowledge been studied in relation to DST, despite the fact that excessive sound exposure is likely 

to result in a similar experience to listening-related fatigue in individuals with DST disorders. Additionally, 

there may be construct overlap between DST and listening-related fatigue, making measures of DST and 

listening-related fatigue important to test relative to each other in order to determine the boundaries between 

the two putatively different constructs. To dimensionally assess the construct of listening-related fatigue in the 

current study, we utilized the Vanderbilt Fatigue Scale for Adultsï10 item version (VFS-A-10; Hornsby et al., 

2023), which was administered to individuals in the PROA, ClinDST, and LAB samples (n = 2032). The VFS-

A-10 is a shortened version of the longer Vanderbilt Fatigue Scale for Adults (VFS-A; Hornsby et al., 2021), 

a 40-item scale specifically designed to measure listening-related fatigue across individuals with and without 

hearing loss. The VFS-A contains items that measure different qualitative aspects of listening-related fatigue 

(i.e., physical, mental, emotional, and social domains), although psychometric analyses indicated that the 

measure is fundamentally unidimensional and that the measure demonstrated strong reliability and validity 

(including a lack of differential item functioning across age, gender, and hearing loss). The VFS-A-10 is a 

shortened version of the VFS-A that contains the highest-information items from the longer scale. It has been 

validated separately from the long-form VFS-A in a new sample of participants (Hornsby et al., 2023) and is 

recommended for clinical use. Although this measure has demonstrated strong psychometrics in clinical and 

general population samples to date, it has not been formally validated in autistic individuals. In the combined 

sample, the VFS-A-10 total score demonstrated excellent reliability (Ŭ = .957). 
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Supplemental Table 4.10: Demographic and Clinical Characteristics by Sample 

 

  
PROA 

(n=1403) 

ClinDST 

(n=516) 

NDD 

(n=478) 

AUT 

(n=295) 

LAB  

(n=115) 

Age (Years) 32.27 (12.55) 
34.58 

(11.66) 

35.92 

(12.45) 

37.87 

(11.40) 

33.00 

(10.06) 

Sex      

     Male 686 (48.9%) 96 (18.6%) 209 (43.7%) 56 (19.7%) 29 (25.2%) 

     Female 717 (51.1%) 417 (80.8%) 269 (56.3%) 228 (80.3%) 86 (74.8%) 

     Intersex 0 (0.0%) 3 (0.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

Gender minority 57 (4.1%) 154 (29.8%) 93 (19.5%) 77 (26.6%) 6 (5.2%) 

Hispanic/Latino ethnicity 138 (9.8%) 35 (6.8%) 30 (6.3%) 12 (4.1%) 10 (8.7%) 

Race      

     Asian 154 (11.0%) 19 (3.7%) 26 (5.4%) 11 (3.7%) 12 (10.4%) 

     Black 104 (7.4%) 18 (3.5%) 35 (7.3%) 3 (1.0%) 6 (5.2%) 

     Middle Eastern/North African 20 (1.4%) 5 (1.0%) 12 (2.5%) 4 (1.4%) 2 (1.7%) 

     Native/Indigenous 26 (1.9%) 10 (1.9%) 16 (3.3%) 9 (3.1%) 4 (3.5%) 

     Pacific islander 3 (0.2%) 2 (0.4%) 3 (0.6%) 0 (0.0%) 0 (0.0%) 

     White 1106 (78.8%) 459 (89.0%) 410 (85.8%) 264 (89.5%) 98 (85.2%) 

     Other race 8 (0.6%) 17 (3.3%) 6 (1.3%) 14 (4.7%) 1 (0.9%) 

College graduate 707 (50.4%) 329 (63.8%) 252 (52.7%) 214 (72.5%) 86 (74.8%) 

Autism status      

     Non-autistic 1291 (92.0%) 244 (47.3%) 213 (44.6%) 0 (0.0%) 78 (67.8%) 

     Self-identified 80 (5.7%) 129 (25.0%) 49 (10.3%) 95 (32.2%) 2 (1.74%) 

     Professionally diagnosed 32 (2.28%) 143 (27.7%) 216 (45.2%) 200 (67.8%) 35 (30.4%) 

ADHD diagnosis 159 (11.3%) 141 (27.3%) 204 (42.7%) 111 (37.6%) 43 (37.4%) 

Lifetime anxiety disorder diagnosis 587 (41.8%) 337 (65.3%) 306 (64.0%) 184 (62.4%) 72 (62.6%) 

Lifetime mood disorder diagnosis 475 (33.9%) 309 (59.9%) 291 (60.9%) 155 (52.5%) 70 (60.9%) 

Hearing and DST disorders      

     Hearing loss 114 (8.13%) 80 (15.5%) 9 (1.88%) 26 (8.81%) 23 (20.0%) 

     Tinnitus 471 (33.6%) 297 (57.8%) 64 (13.4%) 57 (19.3%) 31 (27.0%) 

     Hyperacusis 83 (5.92%) 323 (62.6%) 9 (100.0%) 13 (100.0%) 45 (39.1%) 

     Pain hyperacusis 11 (0.784%) 130 (25.2%) ð ð 15 (13.0%) 

     Misophonia 105 (7.48%) 336 (65.1%) 115 (24.1%) 16 (100.0%) 39 (33.9%) 

Values are presented as M (SD) for continuous variables and n (%) for categorical variables. Percentages 

reflect the percentage of non-missing values, which primarily deviate from total ns in the ñHearing and 

DST disordersò rows due to lack of ascertainment in all subsamples. PROA = General population sample 

recruited from Prolific crowdsourcing platform; ClinDST = sample of individuals with clinically 

significant decreased sound tolerance; NDD neurodevelopmental disability (autism and ADHD [attention-

deficit/hyperactivity disorder]) study sample (including control adults); AUT = Autistic adult sample; 

LAB = laboratory sample; DST = decreased sound tolerance; Values of ñð" indicate that a variable was 

not able to be ascertained in a given sample. 
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Supplemental Figure 4.4: Item Stability Plot of MIST-A Items 

 

Circles represent nodes (items) on the original MIST-A, color-coded by community (subscale). Each item 

is plotted along with its stability coefficient (a value between 0 and 1 indicating the proportion of 

bootstrapped resamples [out of 5,000] that item loaded in the same theoretical dimension). Stability 

values below approximately 0.65 are considered lower than ideal.  
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Supplemental Figure 4.5: Final Psychometric Network Structure of the Retained MIST-A Items 

 

 
Structure is based on a regularized partial (Gaussian rank) correlation network of Multidimensional Inventory of Sound Tolerance in Adults (MIST-A) items (based on 

the posterior mean of 5,000 Bayesian bootstrapped correlation matrices). Positive edges are depicted in blue, and no negative edges are present. The thickness of an 

edge is proportional to the partial correlation between nodes (maximum edge weight: 0.331). The squared multiple correlation for each node (rank-based R2) is 

represented by the blue fraction of that nodeôs border. Items 7 and 8 are combined into a single node due to high weighted topological overlap in a prior analysis; all 

other nodes represent single MIST-A items. Communities are derived using the Louvain community detection algorithm (Christensen et al., 2024) with consensus 

clustering (1,000 iterations).  

* Item number reduced by one due to removal of item 15 (item now corresponds with ñfinalò item number on scale) 
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Supplemental Table 4.11: Partial Correlations of MIST-A Subscales with Measures of Interest 

 

 MIST -A 

HYP 

MIST -A 

MISO 

MIST -A 

PAIN 

MIST -A 

FEAR 

IHS 

LOUD 

Pain 

FREQ 
DMQ-SS DSM-Phono CATI -SEN OASIS ODSIS VFS-A-10 

MIST -A HYP ð [0.224, 0.350] [-0.124, 0.105] [0.288, 0.388] [0.032, 0.216] [0.059, 0.248] [-0.045, 0.106] [0.189, 0.305] [-0.023, 0.196] [-0.274, -0.045] [-0.107, 0.021] [0.194, 0.324] 

MIST -A MISO 0.292 ð [0.007, 0.156] [0.054, 0.154] [-0.173, -0.039] [-0.115, 0.066] [0.486, 0.558] [-0.158, -0.027] [-0.054, 0.102] [-0.132, 0.016] [-0.003, 0.084] [-0.071, 0.054] 

MIST -A PAIN  -0.003 0.080 ð [0.089, 0.239] [-0.102, 0.119] [0.413, 0.530] [-0.167, 0.020] [0.108, 0.247] [-0.026, 0.248] [-0.307, -0.054] [-0.090, 0.054] [0.060, 0.226] 

MIST -A FEAR 0.339 0.103 0.159 ð [-0.171, 0.004] [-0.203, 0.026] [-0.151, 0.001] [0.042, 0.171] [0.158, 0.274] [0.149, 0.246] [-0.044, 0.065] [-0.141, 0.026] 

IHS-LOUD 0.122 -0.110 0.007 -0.084 ð [ 0.378, 0.548] [-0.020, 0.173] [0.064, 0.210] [0.262, 0.479] [0.044, 0.242] [-0.035, 0.113] [-0.029, 0.155] 

Pain-FREQ 0.150 -0.032 0.477 -0.089 0.466 ð [-0.131, 0.057] [-0.209, -0.024] [-0.368, 0.019] [-0.027, 0.235] [-0.108, 0.092] [-0.178, 0.045] 

DMQ-SS 0.033 0.521 -0.076 -0.074 0.077 -0.039 ð [0.250, 0.380] [0.064, 0.237] [0.112, 0.270] [-0.065, 0.072] [-0.142, 0.014] 

DSM-Phono 0.246 -0.096 0.175 0.106 0.144 -0.114 0.316 ð [-0.234, -0.021] [0.069, 0.240] [-0.075, 0.054] [0.013, 0.165] 

CATI -SEN 0.087 0.018 0.113 0.220 0.369 -0.173 0.157 -0.130 ð [-0.435, -0.199] [-0.066, 0.061] [0.064, 0.251] 

OASIS -0.164 -0.064 -0.182 0.197 0.149 0.108 0.193 0.155 -0.321 ð [0.446, 0.556] [0.188, 0.331] 

ODSIS -0.044 0.040 -0.019 0.009 0.039 -0.008 0.006 -0.007 -0.004 0.504 ð [-0.021, 0.131] 

VFS-A-10 0.260 -0.009 0.141 -0.054 0.066 -0.066 -0.065 0.088 0.154 0.261 0.056 ð 

Partial correlations are the posterior means of 5,000 Bayesian bootstraps (below diagonal) and the 95% highest-density credible interval (above diagonal) based on 

Bayesian bootstrapping procedure. Pearson correlations were used in all cases except for the IHS-LOUD scale and Pain Frequency item, which were treated as ordinal 

and therefore examined using polyserial correlations (when examined in relation to other continuous variables) and polychoric correlations (when examined in relation 

to each other). Correlations that had a P>ROPE of 95% or greater (based on a region of practical equivalence [ROPE] of r=[-.05, .05]) are presented in bold. MIST-A = 

Multidimensional Inventory of Sound Tolerance in Adults; HYP = Hyperacusis subscale; MISO = Misophonia subscale; PAIN = Pain (pain hyperacusis) subscale; 

FEAR = Fear (phonophobia) subscale; IHS-LOUD = Inventory of Hyperacusis SymptomsïGeneral Loudness subscale; DMQïSS = Duke Misophonia Questionnaireï

Symptom subscale; DSM-Phono = Specific Phobia Severity Scale for DSM-5, modified for Phonophobia; CATI = Comprehensive Autistic Traits Inventory; CATI-

SEN = CATI Sensory Subscale; OASIS = Overall Anxiety Severity and Impairment Scale; ODSIS = Overall Depression Severity and Impairment Scale; VFS-A-10 = 

Vanderbilt Fatigue Scale for Adultsï10-item version. 
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5 CHAPTER 5 

 

 

A Transdiagnostic Study of Decreased Sound Tolerance and its Correlates in Autistic and 

Non-autistic Adults I: Audiometry, Psychoacoustics, and Peripheral Physiology 

 

5.1 Background 

Within the nascent field of decreased sound tolerance (DST) research, much remains unknown about 

the underlying neurocognitive mechanisms of DST and its constituent disorders (hyperacusis, misophonia, 

phonophobia; Henry et al., 2022; Williams, He, et al., 2021). Even less is known about the mechanistic basis 

of DST in specific populations such as individuals on the autism spectrum (Williams, He, et al., 2021), who 

present with disproportionately high rates of DST across the lifespan (Williams, Suzman, et al., 2021b). It is 

generally accepted that hyperacusis and misophonia are central rather than peripheral disorders (Aryal & 

Prabhu, 2023b; Neacsiu et al., 2022; Palumbo et al., 2018; Pienkowski et al., 2014), although pain hyperacusis 

may involve peripheral mechanisms as well (Flores et al., 2015; Liu et al., 2015; Wood et al., 2024). However, 

the exact structural and functional changes in the central nervous system that underpin DST (presumably 

spanning both auditory and non-auditory structures) remain to be fully elucidated. Therefore, a key aim of 

current DST research is the characterization of the specific auditory-perceptual, physiological, and neural 

correlates of DST symptoms and disorders (for reviews, see Aryal & Prabhu, 2023b; Bigras et al., 2023; Jahn, 

2022; Neacsiu et al., 2022; Palumbo et al., 2018; Salvi et al., 2022), providing insights into the fundamental 

nature of DST disorders and making strides toward the development of targeted interventions.  

5.1.1 Perceptual and Physiologic Correlates of Hyperacusis 

Hyperacusis, the most well-researched DST condition, is primarily considered to be a disorder of 

loudness perception (Salvi et al., 2022; Tyler et al., 2014), and prominent theorists have defined hyperacusis in 

such a way that negative reactions to sound are a result of the stimulus characteristics (i.e., frequency, level; 

Jastreboff & Jastreboff, 2014). Despite literally meaning ñexcessive hearing,ò many individuals with 

hyperacusis demonstrate hearing losses, and a sizable portion have normal hearing sensitivity when tested with 

clinical audiograms (Aazh et al., 2018; Anari et al., 1999; Bläsing et al., 2010; Brandy & Lynn, 1995; Jahn & 

Polley, 2023; Meeus et al., 2010; Sheldrake et al., 2015; Smit et al., 2021). Notably, there is substantially less 

information on the prevalence of hearing loss in autistic individuals with hyperacusis, although one large 

retrospective case series of pediatric patients with hyperacusis, 60% of whom were autistic, indicated that over 

98% of the patients assessed had hearing thresholds within normal limits (Amir et al., 2018). Hearing loss also 

seems somewhat less common in pediatric hyperacusis as opposed to adult hyperacusis (Potgieter et al., 2020), 
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though it remains unknown whether individuals with childhood-onset hyperacusis are likely to develop 

comparable hearing losses to adult-onset hyperacusis patients in their adult years.  

The primary audiometric test to detect hyperacusis in clinical practice is the loudness discomfort level 

(LDL, also known as the uncomfortable loudness level [ULL]; Aazh & Moore, 2017a; Punch et al., 2004; 

Sherlock & Formby, 2005), in which the sound level at a given frequency is gradually increased until the patient 

indicates that it is uncomfortable. Large-scale studies clearly demonstrate that LDLs in hyperacusis are reduced 

relative to individuals without hyperacusis (Aazh & Moore, 2017a; Anari et al., 1999; Sheldrake et al., 2015), 

and some researchers have previously advocated that this measure be used to define hyperacusis clinically 

(Aazh & Moore, 2017a; Goldstein & Shulman, 1996; Johnson, 1999). However, when using the clinical 

interview-based diagnosis of hyperacusis as a criterion, LDLs appear to be neither sensitive nor specific enough 

to serve as an objective test of the condition (Sheldrake et al., 2015). Several studies have demonstrated that as 

a group, autistic individuals have lower LDLs than non-autistic individuals and/or that a subset of autistic 

individuals have LDLs below the lower limit of normal (Demopoulos & Lewine, 2016; Khalfa et al., 2004; 

Rosenhall et al., 1999; Steigner & Ruhlin, 2014). No study to date, however, has examined differences in LDLs 

between autistic individuals with and without hyperacusis (defined using a measure other than LDLs). 

As hyperacusis is hypothesized to be a primary disturbance of loudness processing (presumably 

underpinned by increased central auditory gain; Auerbach et al., 2014), another putative correlate of 

hyperacusis is increased loudness growth as a function of intensity (i.e., a steeper psychoacoustic loudness-

intensity function). Although few studies have formally assessed loudness growth in individuals with 

hyperacusis, those that have uniformly found that this function is steeper in the hyperacusis group compared to 

participants without the condition (Assi et al., 2018; Brandy & Lynn, 1995; Erinc & Derinsu, 2022; Noreña & 

Chery-Croze, 2007). Several studies have also demonstrated steeper loudness growth in autistic as opposed to 

non-autistic individuals (Dunlop et al., 2016; Khalfa et al., 2004; Ohmura et al., 2019), but no study to date has 

examined whether autistic individuals with and without hyperacusis (defined using a measure other than 

loudness growth) differ in their loudness growth functions.  

Another potential correlate of loudness discomfort is the sound level at which the middle ear muscles 

contract, the middle ear muscle reflex (MEMR) threshold. The MEMR threshold has been demonstrated to be 

a correlate of LDLs in some studies, though a meta-analysis suggests this may largely be the case only in 

hearing-impaired listeners (Olsen, 1999). Experimental studies have also demonstrated that auditory 

deprivation, as caused by monaural earplug use, both increases categorical loudness judgments and decreases 

MEMR thresholds bilaterally, putatively via one or more increased central gain mechanisms (Munro et al., 

2014). Additionally, cochlear synaptopathy, a putative cause of hyperacusis, has been demonstrated in animal 

models to be associated with weaker acoustic reflexes and thus higher thresholds (Valero et al., 2018). Notably, 
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human studies of hyperacusis and MEMR thresholds have been mixed, with some finding associations between 

hyperacusis and increased thresholds (Saxena et al., 2020) and others finding no significant association (Brandy 

& Lynn, 1995). Moreover, findings in autism are also mixed, with one study finding a negative association 

between MEMR thresholds and a ñhyperacusis indexò based on loudness ratings of speech stimuli in autistic 

adults (Ohmura et al., 2019) and another finding no difference in sensory questionnaire scores between autistic 

children with and without abnormal MEMR tests (Gundogdu et al., 2023). As such, the relation between the 

MEMR and hyperacusis in both autistic and non-autistic individuals remains uncertain at this time.    

Otoacoustic emissions (OAEs) are another marker of peripheral auditory physiology that can be used 

to assess the integrity of cochlear outer hair cells (Kemp, 2002; Lonsbury-Martin & Martin, 2003). This can be 

done in a frequency-specific manner using distortion-product OAEs (DPOAEs) or across a wide frequency 

range by measuring transient-evoked OAEs (TEOAEs) following a broadband click. As OAEs are particularly 

sensitive to outer hair cell damage from noise or other sources, they could feasibly be used to screen for the 

presence of cochlear pathology even in the presence of a normal audiogram (Barbee et al., 2018). Additionally, 

it has been theorized that efferent suppression of OAEs in the presence of (typically contralateral) noise, known 

as the medial olivocochlear reflex (MOCR; Guinan, 2006), may contribute to hyperacusis, given its potential 

role in cochlear gain control and other mechanisms of hearing (Sturm & Weisz, 2015).  

MOCR strength is typically assessed using a contralateral OAE suppression paradigm, in which 

DPOAEs or TEOAEs are presented both with and without contralateral noise and the differential strength of 

the OAEs is calculated as the strength of the MOCR (Berlin et al., 1994; Marshall et al., 2014). Notably, data 

on OAEs and the MOCR in hyperacusis is somewhat mixedðone population-based pediatric study found that 

individuals with hyperacusis actually had higher TEOAE amplitudes than individuals without hyperacusis 

(Hall et al., 2016), and DPOAE amplitudes have also been found to be increased in individuals with tinnitus 

and hyperacusis relative to tinnitus alone (Sztuka et al., 2010). However, other studies have demonstrated that 

individuals with hyperacusis either demonstrate minimal differences in OAE amplitudes relative to controls 

(Bartnik et al., 2007; Tai et al., 2023) or a reduction in OAEs (Urnau & Tochetto, 2012). Additionally, studies 

of OAEs in autistic individuals (generally not divided according to hyperacusis status) are also mixed, with 

several finding no significant differences (Aslan et al., 2022; Gravel et al., 2006; Grewe et al., 1994; Kaf & 

Danesh, 2013; Tharpe et al., 2006), several finding reductions in the presence or amplitude of TEOAEs and/or 

(certain frequencies of) DPOAEs (Bennetto et al., 2017; Danesh & Kaf, 2012; Demopoulos & Lewine, 2016; 

Rafal, 2013; Tas et al., 2007; Yüksel et al., 2023), and others reporting larger OAE amplitudes (Taĸ et al., 2017; 

Yüksel et al., 2023). Notably, the one study to examine associations between OAEs and hyperacusis status 

found no difference in sensory questionnaire scores between autistic children with and without abnormal 

TEOAE findings (Gundogdu et al., 2023). Past studies have also examined the MOCR in individuals with 
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hyperacusis, with two (one in autistic children and one in non-autistic adults) finding hyperacusis to be 

associated with stronger MOCR responses (Knudson et al., 2014; Wilson et al., 2017). Notably, this association 

was not replicated in a later study of autistic adults by Ohmura et al. (2019), who used a dimensional loudness 

growth measure to assess hyperacusis. Other studies in the autistic population have demonstrated variable and 

often null MOCR results (Aslan et al., 2022; Bennetto et al., 2017; Danesh & Kaf, 2012; Kaf & Danesh, 2013; 

Khalfa et al., 2001), which could be due to methodological factors, varying numbers of individuals with 

hyperacusis in each sample, or a true lack of relationship between the variable and hyperacusis. In sum, it 

remains unclear at this point whether hyperacusis in autistic or non-autistic individuals can be linked to any 

alterations in OAE parameters, including MOCR alterations, and additional research is needed to clarify 

whether such associations exist.  

5.1.2 Perceptual and Physiologic Correlates of Misophonia 

Misophonia is substantially less well-studied than hyperacusis with regard to its perceptual and 

physiologic correlates. Hearing thresholds in individuals with misophonia are typically found to be within 

normal limits or similar to comparison groups (Aazh et al., 2022; Aryal & Prabhu, 2023a; Jager et al., 2020; 

Schröder et al., 2013, 2014; Siepsiak et al., 2022). Additionally, two studies have examined LDLs in individuals 

with misophonia, with one finding no association between misophonia and LDLs compared to individuals with 

unspecified DST that did not meet full misophonia criteria (Siepsiak et al., 2022), and the other finding an 

association between misophonia status and lower LDLs in a population of individuals already seeking help for 

either tinnitus or hyperacusis (Aazh et al., 2022). Several studies have also utilized misophonia-specific sound 

rating tasks to further characterize the subjective experiences of individuals with misophonia and/or to 

discriminate them from non-misophonic controls (Andermane et al., 2023; Enzler, Loriot, et al., 2021; Savard 

et al., 2022; Siepsiak et al., 2023). Notably, a version of one of these tasks, utilizing different sound stimuli, 

has also been proposed as a diagnostic tool for hyperacusis (Enzler, Fournier, et al., 2021). Tests of peripheral 

auditory physiology have rarely been conducted in misophonia, although one recent study (Suraj et al., 2024) 

found no significant differences in either DPOAE or TEOAE amplitudes or contralateral suppression of either 

OAE type between individuals with misophonia and normal-hearing control participants, and another brief 

report has specifically found no differences between groups with and without misophonia in TEOAE 

suppression (Aryal & Prabhu, 2024). Even though research published to date suggests that misophonia is 

unlikely to be independently associated with peripheral hearing damage or abnormalities, additional work in 

larger samples is needed to fully rule out the contributions of peripheral hearing mechanisms to the generation 

and maintenance of DST in this condition.  

5.1.3 The Present Study 
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Notably the vast majority of published DST correlate research has only considered either hyperacusis 

or misophonia as a condition of interest in a given study; very rarely have these conditions been simultaneously 

assessed. This is somewhat problematic, as hyperacusis and misophonia are known to overlap in at least a 

portion of individuals, and some studies suggest this overlap is quite large (Brennan et al., 2023; Dixon et al., 

2024; see also Chapter 2). In cases where comorbidity is possible and/or other potential factors such as hearing 

loss or autism status are not fully controlled for, any effect of hyperacusis or misophonia on an outcome could 

actually represent that of an unmeasured confounder rather than the DST disorder of interest itself. Moreover, 

given the potential for autistic and non-autistic individuals to have different underlying mechanisms for their 

DST disorders (Williams, He, et al., 2021), we believe that it is important that studies of the correlates of DST 

include both autistic and non-autistic participants to allow for the ability to test autism ³ DST interactions when 

predicting each outcome of interest. The current study aims to fill existing gaps in the literature by (a) 

systematically examining the audiological, peripheral physiologic, and psychoacoustic correlates of multiple 

DST disorders (hyperacusis, misophonia, phonophobia) in a transdiagnostic sample of autistic and non-autistic 

adults, and (b) determining whether these correlates meaningfully differ between autistic and non-autistic 

individuals. By doing so, our study aims to lay a foundation for further mechanistic work in the area of DST, 

additionally serving to link the often-siloed sub-field of hyperacusis, misophonia, and autism research.  

5.2 Methods 

5.2.1 Participants 

Participants were 119 autistic (n=35) and non-autistic (n=84) adults spanning the full range of DST 

symptom severity. Inclusion criteria for the present study included: (a) age between 18ï60 years; (b) fluency 

in speaking and reading English; (c) being oneôs own legal guardian; (d) having a full-scale IQ greater than 70 

per the Wechsler Abbreviated Scales of IntelligenceïSecond Edition (WASI-II; Wechsler, 2011); and (e) 

having pure tone audiometric thresholds Ò 25 dB hearing level (HL) at 500 Hz, 1000 Hz, and 2000 Hz 

bilaterally, as assessed using standard air conduction testing (modified Hughson-Westlake procedure; 

American Speech-Language-Hearing Association, 2005). Participants were excluded from the study if they: 

(a) reported an active psychotic disorder (within the past 12 months) or were found to meet the criteria for such 

a disorder in this timeframe using the Diagnostic Assessment Research Tool (DART; Schneider et al., 2022); 

(b) demonstrated an active alcohol or substance use disorder (within the past 12 months), as operationalized by 

a positive screen on the Alcohol Use Disorder Identification Test (AUDIT; Saunders et al., 1993) or Drug 

Abuse Screening Testï10 (DAST-10; Cocco & Carey, 1998), or met criteria for one of these diagnoses as 

assessed using the DART; (c) reported an intellectual disability diagnosis or did not meet the study IQ criteria 

on the WASI-II; or (d) demonstrated clinically significant outer/middle ear pathology (i.e., evidence of gross 
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abnormalities on otoscopic examination [including inability to visualize the tympanic membrane due to 

excessive cerumen] or a type B or C tympanogram combined with an air conduction threshold of >25 dB HL 

at any frequency between 250ï8000 Hz in the affected ear). All participants were free of epilepsy or seizure 

disorders, with the exception of one female autistic individual (with frontal-lobe epilepsy who was stable on a 

regimen of clonazepam 0.5 mg thrice daily without breakthrough seizures); out of an abundance of caution, 

this individual was excluded from all electrophysiological data analyses. Psychotropic and centrally-active 

medications were allowed for all participants, provided that these medications and dosages remained stable for 

at least 30 days prior to study visits.  

Autistic individuals in the study were recruited from the Simons Foundation Powering Autism 

Research for Knowledge (SPARK; The SPARK Consortium, 2018) cohort (SPARK Research Match project 

RM0239WoynaroskiSound), existing participant registries from multiple research groups at Vanderbilt 

University Medical Center, fliers distributed throughout Vanderbilt University Medical Center, and a number 

of local and online recruitment resources (e.g., Vanderbilt listservs, ResearchMatch, Vanderbilt Kennedy 

Center StudyFinder, Autism Science Foundation ñParticipate in Researchò posting). To be included in the 

autism group, participants were required to either have a clinical diagnosis of autism spectrum disorder (or 

equivalent diagnosis, including autistic disorder, Aspergerôs disorder, pervasive developmental disorderïnot 

otherwise specialized) by an outside provider or to report strong suspicion of the diagnosis (including 

possibility of the diagnosis raised by outside clinicians) that was supported by the judgment of the first author 

as warranting a full evaluation for autism. All individuals meeting these criteria were provided with a 

confirmatory diagnostic evaluation for autism, including research-reliable administration of the Autism 

Diagnostic Observation ScheduleïSecond Edition, Module 4 (ADOS-2; Lord et al., 2012) by a clinical 

psychologist specializing in the assessment of neurodevelopmental disabilities across the lifespan. ADOS-2 

examinations administered in prior research studies from our or other research groups at Vanderbilt University 

Medical Center were not repeated. First-time diagnostic evaluations and cases in which the clinical diagnosis 

was uncertain after the ADOS-2 was administered were further supplemented with a developmental history 

(with the participant and/or an informant) and, if deemed clinically necessary, administration of the Autism 

Clinical Interview for Adults (ACI-A; Wigham et al., 2020). All individuals classified as autistic in the current 

study were found to meet full Diagnostic and Statistical Manual of Mental Disorders-Fifth Edition, Text 

Revision (DSM-5-TR; American Psychiatric Association, 2022) criteria for autism spectrum disorder, based 

on the clinical judgment of the study psychologist and supported by standardized instruments. Individuals with 

community diagnoses of autism who were not judged to meet autism diagnostic criteria by the study team (n=2; 

both females with clinically significant obsessive-compulsive spectrum disorders) were not excluded from the 

study sample but retained and categorized as ñnon-autisticò for the purposes of analyses.  
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This study was approved by the institutional review board at Vanderbilt University Medical Center, 

and all participants provided written informed consent before starting the study. All procedures were performed 

in accordance with the ethical principles outlined in the Declaration of Helsinki and its later amendments. 

5.2.2 Overall Procedure 

Participants in the study first completed a series of online questionnaires, assessing self-reported 

demographics, medical/psychiatric history, DST symptoms, personality, psychopathology, physical symptoms, 

sensory reactivity, and dimensional features of neurodevelopmental conditions. Participants then completed 2ï

3 visits to the laboratory that included: (a) clinical characterization (i.e., IQ and language testing, psychiatric 

interview, clinical interview to characterize DST disorders, autism evaluation if necessary); (b) audiologic 

testing (pure tone audiogram, loudness discomfort levels [LDLs]); (c) assays of peripheral physiology 

(tympanometry, middle-ear muscle reflex [MEMR] testing, otoacoustic emissions with and without 

contralateral suppression); (d) psychophysical testing [a naturalistic sound rating task (NSRT; Enzler, Fournier, 

et al., 2021; Enzler, Loriot, et al., 2021) and a categorical loudness scaling task (CLS; Wróblewski et al., 2017)]; 

and (e) electrophysiologic testing (auditory brainstem responses, 40-Hz auditory steady-state responses, and 

cortical encephalography). A more detailed description of each task can be found in the corresponding sections 

below (electrophysiologic testing presenting in Chapter 6). Participants took approximately 1ï2 hours to 

complete the online surveys and 7ï12 hours to complete the laboratory sessions. Each individual was 

compensated $20 per hour for their time in the laboratory, plus an additional $25 for participating.  

5.2.3 Clinical Measures 

5.2.3.1 Psychological Characterization 

All participants completed an in-person clinical evaluation consisting of broadband cognitive and 

language testing, psychiatric interview, brief medical and psychiatric history, interview-based evaluation of 

DST disorders, and when necessary, a formal diagnostic evaluation for autism (the latter previously described 

in the ñParticipantsò section). This portion of the study was carried out by a diverse team of clinician-

investigators and trainees, including the first author (an MD/PhD student), two masterôs level speech-language 

pathologists, and the teamôs clinical psychologist, the latter of whom supervised all autism evaluations and 

conducted all ADOS-2 examinations to ensure research reliability. The Wechsler Abbreviated Scale of 

Intelligence-II (WASI-II;  Wechsler, 2011) was used to assess participantsô cognitive ability, and separate 

verbal IQ (VIQ) and performance IQ (PIQ) standard scores (M=100, SD=15) from the WASI-II were utilized 

in our analyses. We also administered the Receptive One-word Picture Vocabulary Test-4 (ROWPVT-4; 

Martin & Brownell, 2011b) and Expressive One-word Picture Vocabulary Test-4 (EOWPVT-4; Martin & 

Brownell, 2011a), and standard scores on these measures were used to characterize individual differences in 
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receptive and expressive vocabulary, respectively. Co-occurring psychopathology was assessed using the 

Diagnostic Assessment Research Tool, version 4.0 (DART; Schneider et al., 2022), a semi-structured modular 

clinical interview covering a wide range of DSM-5-TR disorders. A modified version of the DART Screener 

(Pawluk et al., 2022) was administered as a clinical interview. Modifications to this tool included: (a) minor 

wording changes to the items to adapt them for verbal administration; (b) additional questions to screen 

individuals into DART modules such as the borderline personality disorder module for which DART Screener 

questions were not provided; and (c) screening items for vocal and motor tics, which were not part of the 

DART. If an individual did screen positive for tics, they were asked to complete the checklist portion of the 

Yale Global Tic Severity Scale (Leckman et al., 1989), which was used to support the diagnosis of Tourette 

syndrome or a chronic tic disorder for the purpose of the study. The first author formulated a final list of 

psychiatric and neurodevelopmental diagnoses for each participant in the study based on their reported history 

and results of the DART-based psychiatric interview. DST disorders were assessed using a novel semi-

structured clinical interview designed by our research team, the Diagnostic Interview for Sound Sensitivity 

Syndromes (DISSS). More information on this measure can be found in section 5.2.3.2 below.  

Aside from simply being reported descriptively to characterize the sample, we derived several indices 

from these clinical measures to include as covariates in our regression models. A ñLanguage Compositeò score 

was formed from the WASI-II VIQ, ROWPVT-4, and EOWPVT-4 standard scores using principal component 

analysis (Kaiser-Meyer-Olkin measure of sampling adequacy [MSA] for the three measures=0.63; item-level 

MSA=0.58ï0.74), with component scores on the first (unrotated) principal component being used to 

operationalize this variable within the sample. The WASI-II PIQ standard score was also utilized in regression 

analyses as a measure of nonverbal cognitive ability (Bayesian bootstrapped Pearson correlation with Language 

Composite: r=.306, CrI95% [.145, .457]). We also calculated the number of psychiatric/neurodevelopmental 

diagnoses for which each individual met criteria based on the full clinical evaluation (including all DART-

based diagnoses, chronic tic disorders, and autism; [Mdn=3, IQR=[1,4], range 0ï10]). All other non-DST 

characterization variables were solely reported for description of sample characteristics.  

5.2.3.2 Diagnostic Interview for Sound Sensitivity Syndromes (DISSS) 

The Diagnostic Interview for Sound Sensitivity Syndromes (DISSS) is a semi-structured modular 

clinical interview for DST disorders (i.e., hyperacusis, misophonia, and phonophobia) modeled after the DART 

psychiatric interview (Schneider et al., 2022). The measure has sections on DST-relevant medical history, 

general DST screening questions, disorder-specific screening questions, disorder-general questions (regarding 

the sounds that bother an individual, sound qualities that an individual finds most bothersome, specific activities 

that sound impedes, and a global impairment rating), four disorder-specific modules (for loudness hyperacusis, 



   

 

205 

pain hyperacusis, misophonia, and phonophobia), and two non-diagnostic modules to capture extra DST-

relevant symptoms (on ñhyperacusis symptom flare-upsò and ñmiscellaneous auditory symptoms,ò 

respectively). Formal psychometric validation of this measure is currently in progress.  

The DISSS is intended to be used to make clinical diagnoses of DST conditions according to sets of 

operational criteria that our research group has previously published (Williams, 2022). Full diagnostic 

algorithms, which utilize specific items from the DISSS, can be used to classify individuals as ñclinical,ò 

ñsubclinical,ò or demonstrating ñno disorderò in each of the four DST categories (loudness hyperacusis, pain 

hyperacusis, misophonia, phonophobia; see Supplemental Tables 4.6ï4.9). Formal psychometric validation of 

this measure is currently in progress. 

In the present study, the DISSS was used to classify all individuals as either ñclinical,ò ñsubclinical,ò 

or ñno disorderò for three DST categories: (a) hyperacusis (representing either loudness hyperacusis or pain 

hyperacusis due to the large phenotypic overlap between these conditions; Williams, Suzman, et al., 2021a), 

(b) misophonia, and (c) phonophobia. Notably, the hyperacusis classification was structured such that an 

individual receiving a ñclinicalò diagnosis in either the loudness or pain hyperacusis sections would be 

classified as ñclinical hyperacusis,ò an individual who received ñsubclinical hyperacusisò in one or both 

sections without ever being classified as ñclinical hyperacusisò would be designated as ñsubclinical 

hyperacusis,ò and an individual only receiving ñno disorderò in both loudness and pain hyperacusis sections 

would receive a ñno disorderò classification for the hyperacusis section. Classifications of multiple ñcomorbidò 

DST diagnoses (e.g., hyperacusis and misophonia) were allowed in the same individual, provided that the 

diagnoses were phenomenologically distinct and that the symptoms of one could not be fully explained by the 

other (Williams, 2022). Each DISSS-derived variable (hyperacusis status, misophonia status, phonophobia 

status) was treated as an ordinal predictor (Bürkner & Charpentier, 2020) with three levels (ñno disorderò < 

ñsubclinicalò < ñclinicalò) in all regression models.   

5.2.3.3 Audiologic Testing 

5.2.3.3.1 Pure Tone Audiometry  

The Participants completed a standard pure tone audiogram (air conduction thresholds only) in a 

sound-attenuated booth in accordance with the procedures set out by the American Speech-Language-Hearing 

Association (modified Hughson-Westlake method; American Speech-Language-Hearing Association, 2005). 

The following frequencies were tested in each ear: 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, 3000 Hz, 4000 Hz, and 

6000 Hz. This procedure was conducted using a GSI 61 Clinical Audiometer (Grason-Stadler, Inc., Eden 

Prairie, MN, USA) and ER-3A insert earphones (Etymotic Research, Elk Grove Village, IL, USA). The same 

audiometer fitted with HDA-200 circumaural headphones (Sennheiser GmbH & Co. KG, Wedemark, 
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Germany) was used to perform Extended High-frequency (EHF) audiometry, consisting of three additional 

frequencies per ear (8000 Hz, 12500 Hz, 16000 Hz) and reference threshold values used by the manufacturer 

(i.e., based on Frank, 1990; and Richter, 1993). Air conduction thresholds in each ear from 250 Hz to 16000 

Hz (in dB HL) were used as dependent variables in our analysis.  

5.2.3.3.2 Loudness Discomfort Levels (LDLs) 

Clinical loudness discomfort levels (LDLs), also known as uncomfortable loudness levels (ULLs) 

were ascertained using the same audiometer and transducers as the pure tone audiogram, utilizing a protocol 

that was slightly modified from the British Society of Audiologyôs (BSA) then-current ULL administration 

guidelines (British Society of Audiology, 2011). LDLs were administered at frequencies of 250 Hz, 500 Hz, 

1000 Hz, 2000 Hz, 3000 Hz, 4000 Hz, 6000 Hz, and 8000 Hz, using the ER-3A insert earphones for 250ï6000 

Hz presentations and HDA-200 circumaural headphones for 8000 Hz presentations (for consistency with 

audiometry). Starting at 50 dB HL (10 dB lower than the BSA starting level due to the sizable minority of 

individuals with hyperacusis who experience discomfort at 60 dB HL; Aazh & Moore, 2017b), we manually 

presented approximately 1-second unpulsed tones with 5-dB increasing steps and approximately 1-second 

periods of silence between tones until participants either (a) signaled discomfort using a raised hand or response 

button (depending on participant preference) or (b) reached the presentation limits of the audiometer for a given 

frequency. If a participant responded with discomfort to the initial or second tone presentation, we reduced the 

level by 20 dB and began the presentations again, taking the more recent discomfort level (whether higher or 

lower) as the final LDL (a step that was not included in the BSA algorithm but would allow for more accurate 

determination of LDLs under 50 dB HL). Our direction set was as follows (deviations from BSA direction set 

in bold): ñI will gradually make the sound louder in your ear, and you must press the button as soon as the 

sound becomes uncomfortably loud. This is not a test to find the loudest sound you can tolerate; it is a test to 

find what level of sound you find minimally uncomfortable. You should press the button only when the sound 

becomes uncomfortable, but make sure you press it as soon as the sound reaches that level. Do you have any 

questions?ò These modifications to the direction set were made for several reasons. First, observed LDLs were 

expected to be systematically lower than those gathered using the standard BSA procedure (i.e., without the 

word ñminimallyò preceding ñuncomfortableò), and therefore, the sound levels participants would be exposed 

to would be (a) less aversive to individuals with DST and (b) less likely to reach the limits of our audiometer 

(or any potentially harmful noise doses) in cases where individuals had very high sound tolerance levels. 

Furthermore, although this was not systematically determined using signal detection methodology, we 

theorized that this addition of the word ñminimallyò would help standardize participant ñresponse biasò in the 

LDL process (biasing all participants toward responding sooner, irrespective of loudness tolerance), thereby 
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reducing error variance in LDLs due to construct-irrelevant cognitive factors. Although no published 

psychometric data are available on this specific modified LDL protocol,, LDLs demonstrated extremely high 

inter-aural symmetry, a lower-bound approximation of test-retest reliability (mean ICC(A,1)=.901, range .849ï

.924 across frequencies). LDLs in each ear from 250 Hz to 8000 Hz (in dB HL) were used as dependent 

variables in our analysis. 

5.2.3.4 Peripheral Physiology Assays 

5.2.3.4.1 Middle Ear Muscle Reflex Testing 

MEMR testing was completed using a GSI Tympstar middle-ear test system (Grason-Stadler, Inc., 

Eden Prairie, MN, USA). Participantsô ipsilateral and contralateral MEMR thresholds were measured for both 

ears using a 226-Hz probe tone and broadband noise elicitor. MEMR threshold was defined as the level at 

which a change in middle ear compliance of Ó0.020 m  (millimho) occurred on at least two of three successive 

trials. Presentation level began at 65 dB HL and increased by 5 dB per non-response until threshold was 

reached. If a reflex was ascertained at the starting level, it was confirmed, and the level was reduced by 10 dB 

until the response dropped below the threshold. The maximum sound pressure levels presented were 90 dB HL 

for ipsilateral reflexes and 100 dB HL for contralateral reflexes (although individual participants could opt to 

stop presentations earlier based on individual tolerability),  with any unobtained reflex right-censored in our 

subsequent statistical model at the highest tested level for analysis. Left and right (probe location) ipsilateral 

and contralateral (stimulus location) MEMR thresholds were used as dependent variables in our analyses.  

5.2.3.4.2 Transient-evoked Otoacoustic Emission Testing 

TEOAE data were acquired using an Intelligent Hearing Systems Universal Smart Box (USB; 

Intelligent Hearing Systems, Miami, FL, USA) and SmartTrOAE software (Intelligent Hearing Systems, 

Miami, FL, USA) coupled to an ER-10D OAE probe (Etymotic Research, Elk Grove Village, IL, USA) inside 

a sound-treated booth. One ER-3A insert earphone coupled to the aforementioned GSI 61 Clinical Audiometer 

was inserted into the ear contralateral to the probe, allowing for the delivery of simultaneous broadband noise 

during TEOAE collection. TEOAEs were elicited by 100 µs click stimuli presented at 65 dB peak SPL (pSPL) 

and 20 clicks/s. All click stimuli were presented at the same level and polarity while participants sat upright or 

slightly reclined watching a television program of their choosing (silent with subtitles). Stimuli were collected 

in four blocks of 2048 per ear, two of which included 65 dB SPL broadband noise in the contralateral ear 

(ñsuppressionò blocks) and two of which did not. The order of blocks was always Left Ear ï No suppression, 

Left Ear ï Suppression, Left Ear ï No suppression, Left Ear ï Suppression, Right Ear ï No suppression, Right 

Ear ï Suppression, Right Ear ï No suppression, Right Ear ï Suppression, with an additional practice block of 

Left Ear ï No suppression clicks at the beginning of the task to allow the participant to acclimate to the task.  
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TEOAE signals were sampled at 40064 Hz, amplified using the built-in USB amplifier (automatic 

gain selection), high-pass filtered at 150 Hz (1-pole, -6dB/Oct), amplified once again, high-pass filtered again 

at 450 Hz (4th order Bessel, -6dB/Oct), low-pass filtered at 5000 Hz (4th order Bessel, -6dB/Oct), amplified a 

final time, and high-pass filtered a final time at 160 Hz (1-pole, -6dB/Oct), before being converted to a 16-bit 

digital signal. The 8ï18 ms post-stimulus window of the OAE response was subjected to a fast Fourier 

transform (Duhamel & Vetterli, 1990) with 39.125 Hz resolution. The derived nonlinear response (DNLR; 

Ravazzani et al., 1996; von Specht et al., 2001) technique was used to reduce stimulus artifact (i.e., meatal 

response) from the recordings, as is standard practice in TEOAE measurement.  

Acquired epochs within each block were averaged and stored into a split buffer, where even and odd 

epochs were averaged in different buffers with the mean of these providing the signal estimate (ñTEOAE 

amplitudeò) and the difference providing the noise estimate (ñnoise floorò). The TEOAE amplitude and noise 

floor for each suppression and non-suppression trial were utilized as dependent variables in our analyses. 

Notably, unlike much research that has previously quantified the MOCR using a ñdifference-of-differencesò 

approach (i.e., subtracting the signal-to-noise ratios [in dB] of TEOAE trials with and without suppression), 

we opted to calculate MOCR strength in a linear mixed-effects model framework, in which TEOAE amplitude 

was regressed on both noise floor (fixed effect) and the presence of suppression (random slope and intercept 

by participant). This is similar to the way in which MOCR effects are calculated in many group-level 

experimental studies of OAE suppression (e.g., Maison et al., 2000). When calculated in this manner, the 

suppression term of the model (collapsed across ears) demonstrated strong test-retest reliability averaged across 

the test and retest trials (ICC(A,2)=.922, CI95% [.493., .972]). This was in contrast to the difference of difference 

scores, which demonstrated an unacceptably low test-retest reliability when averaged across test and retest 

timepoints (ICC(A,2)=.432, CI95% [.267, .560]). Thus, model-based estimation of the MOCR effect was utilized 

in the current analysis rather than calculation of a difference score for each individual. A supplemental analysis 

of the current studyôs MOCR data using a difference of difference approach was also conducted to examine 

the robustness of any MOCR findings to choice of method.  

5.2.3.5 Psychoacoustic Tasks 

5.2.3.5.1 Naturalistic Sound Rating Task 

In order to better distinguish multiple DST disorders (namely hyperacusis and misophonia) from one 

another in our sample, we administered a version of the naturalistic sound rating task (NSRT) first proposed 

by Enzler et al. to discriminate individuals with hyperacusis (Enzler, Fournier, et al., 2021) and misophonia 

(Enzler, Loriot, et al., 2021) from controls without DST disorders. The NSRT is a MATLAB-based 

experimental paradigm in which participants rate a series of short (1ï3 second) sound clips (with 1 ms rise 
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time, 100 ms fall time; all sounds normalized to the same root-mean-square [RMS]-SPL [60, 70, or 80 dB SPL 

depending on the block]) on a bipolar visual analog scale (VAS) ranging from 0 (ñExtremely Pleasantò) to 

100 (ñExtremely Unpleasantò). Notably, previous versions of this task have been used with large exploratory 

stimulus sets and highly selected samples of individuals who clearly did and did not have either hyperacusis or 

misophonia (Enzler, Fournier, et al., 2021; Enzler, Loriot, et al., 2021) in order to generate pools of ñcore 

discriminant soundsò (CDSHYP and CDSMISO for hyperacusis and misophonia, respectively), the ratings of 

which can best discriminate each of these groups from individuals without each of the DST conditions. 

However, due to the sample selection criteria in the original studies, the creators of the task were not able to 

determine the ability of each set of sound ratings to uniquely distinguish DST disorders (i.e., perform 

differential diagnosis/screening) in a sample enriched for both hyperacusis and misophonia. The performance 

of the task in autistic individuals was also unknown at the time of this study; thus, it was unclear whether autism 

status may predict sound ratings either independently of DST status or as a moderator of hyperacusis and/or 

misophonia effects.  

The modified version of the NSRT used in the present study was similar to the laboratory version used 

by Enzler, Fournier, et al. (2021) to discriminate hyperacusis from control participants. This task was modified 

from the original to include a smaller number of sounds, retaining all CDSHYP and CDSMISO sounds, as well as 

additional positive, negative, and neutral sounds that the researchers felt would be of interest individually or in 

aggregate. The sounds administered included: (a) all CDSHYP sounds (k=7; bird song, harp, fountain bubbling, 

laugh, ocean, piano, underwater); (b) all CDSMISO sounds (k=11; two chewing sounds, two slurping sounds, 

swallowing, sniffing, throat clear, heavy breathing, keyboard clacking, pen click, snoring); (c) additional 

ñgenerally pleasantò (k=2; applause, music) and ñgenerally unpleasantò (k=8; baby crying, car horn, coughing, 

screaming, nails-on-chalkboard, fire alarm, fork scratching plate, vomiting) sounds taken from prior iterations 

of the task to ensure that the full VAS was being utilized; and (d) novel sounds not previously used in prior 

iterations of the task (k=2; 2-second broadband noise with and without psychoacoustically ñroughò 40-Hz 

amplitude modulation). In total, each of these sounds (k=31) was presented up to six times: twice each at 60, 

70, and 80 dB RMS-SPL. Task stimuli were calibrated using a Bruel & Kjaer Pulse calibration system Type 

3560C with Type 4157 coupler to increase study accuracy and reproducibility. All sounds were binaurally 

presented through the external channel of the aforementioned GSI 61 Clinical Audiometer using ER-3A insert 

earphones. Sound presentations were randomized within a block, with blocks proceeding in ascending order of 

level (i.e., 60 dB first, then 70 dB, then 80 dB). However, if a participant ever supplied a rating of ñ85ò or 

higher on the VAS for a sound, that sound was no longer played (at the current level or higher) for the remainder 

of the task (Enzler, Fournier, et al., 2021; Enzler, Loriot, et al., 2021). Participants were also able to utilize the 

MUTE button on the experimental computer to instantly suppress all auditory input during a trial, in which 



   

 

210 

case they were instructed to rate the sound they muted at a score of 100 in order to no longer hear it for the 

remainder of the task. A short training block (in which four sounds not used elsewhere in the task, all presented 

at 60 dB RMS-SPL, were played) was used to demonstrate the VAS rating procedures prior to the beginning 

of the task. Trial-level item scores on CDSHYP and CDSMISO sounds (across all levels and including trials on 

which no stimulus was given) were used as the dependent variables in the current study.  

5.2.3.5.2 Categorical Loudness Scaling (CLS) 

In order to derive individualized measures of psychoacoustic loudness growth, we administered an 

adaptive CLS task (Brand & Hohmann, 2002; Rasetshwane et al., 2015), using the results of this task to 

generate individualized loudness-intensity growth functions (Wróblewski et al., 2017). An adaptive CLS task 

based on the one used by Rasetshwane et al. (2015) was programmed in PsychoPy3 (Peirce et al., 2022) by the 

first author and used to collect categorical loudness ratings that spanned an individualôs full auditory dynamic 

range. The task comprised five blocks (the order of which was randomized between participants), in which all 

trials consisted of a single stimulus varying in only presentation level. Stimuli were all binaural, 1 second in 

duration and included: (a) a 500 Hz pure tone, (b) a 2000 Hz pure tone, (c) a 500 Hz pure tone with 40 Hz 

amplitude modulation (100% modulation depth), (d) a 2000 Hz pure tone with 40 Hz amplitude modulation 

(100% modulation depth), and (e) a train of 100-microseconds (ɛs) click stimuli presented in rarefaction 

polarity at a presentation rate of 27.7 clicks/s. The four tonal stimuli additionally included a 20-ms rise and fall 

time. Importantly, four of these five stimuli (all but the 500 Hz amplitude modulated tone) were the same 

stimuli used in later electrophysiologic testing (pure tone to elicit cortical event-related potentials [ERPs], 2000 

Hz amplitude-modulated tones to elicit auditory steady-state responses [ASSRs], and clicks to elicit auditory 

brainstem responses [ABRs]); participant and stimulus-specific ñloudness levelsò derived from the CLS task 

were used to calibrate the levels presented in each of these later electrophysiological tasks (see task-specific 

methods sections for additional details). The task was conducted in a sound-treated booth, and all sounds were 

presented through ER-3A insert earphones via the external channel of the same GSI-61 clinical audiometer as 

used for the remainder of audiometric and psychoacoustic data collection. Stimuli were calibrated to be within 

±1 dB SPL of their expected presentation levels.  

Each block of the CLS task began with a ñthreshold-findingò procedure, in which the stimulus was 

initially presented at 50 dB SPL (50 dB peak-equivalent SPL [peSPL] in the case of clicks; all levels measured 

using the aforementioned Bruel & Kjaer calibration system). After each presentation, the participant was 

provided with an 11-point clickable response scale ranging from ñCanôt Hearò to ñToo Loudò (Rasetshwane et 

al., 2015), and each response was recorded. If the tone was heard (i.e., a loudness rating of greater than ñCanôt 

Hearò [0 categorical units (CU)] was provided), the level of the stimulus was decreased by 5 dB, and another 
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tone was presented. Once the ñCanôt Hearò (0 CU) response was provided, or the algorithm presented a stimulus 

of -10 dB SPL, the threshold-finding procedure was terminated for that stimulus, and an ñLDL-findingò 

procedure was initiated. The LDL-finding procedure used trials of the same structure (1-second tone 

presentation followed by a categorical rating on the same scale), with the initial presentation also at 50 dB SPL 

(peSPL for clicks). However, the stimulus level was increased by 5 dB per non-terminated trial, and the 

termination criterion was a rating of ñToo Loudò (50 CU) or a stimulus presentation of 120 dB SPL (120 dB 

peSPL for clicks). An individualôs threshold was defined as the last descending trial on which a rating other 

than 0 CU was provided, and their LDL was defined as the last ascending trial on which a rating other than 50 

CU was provided.  

Once the auditory dynamic range (threshold and LDL values) for a stimulus was defined, 15 equally 

spaced SPL values were calculated that spanned the full dynamic range, and these became the presentation 

levels for that stimulus within the remainder of the block (the ñloudness function determinationò portion). Trial 

structure was the same as in the threshold-finding and LDL-finding portions of the block, with three 

presentations of the stimulus of interest at each of the 15 equidistant levels (pseudo-randomized such that all 

15 levels must be played once before any can be repeated and that sounds over half the dynamic range apart 

from each other are not presented on adjacent trials). Similar to other adaptive CLS paradigms (Brand & 

Hohmann, 2002; Rasetshwane et al., 2015), the paradigm determined whether two ñadjacentò sound levels 

were ever rated 15 or more CU (i.e., 3 categories on the 11-point scale) apart from one another and if so, an 

extra sound level with an SPL value halfway between the two levels was presented up to three times. 

Additionally, any stimulus level rated at 0 or 50 CUs (ñCanôt Hearò or ñToo Loudò) during this portion of the 

block was no longer presented for the remainder of the block, regardless of that levelôs relation to the threshold 

or LDL. The full CLS task consisted of five stimulus-specific blocks (each containing ñthreshold-finding,ò 

ñLDL-finding,ò and ñloudness function determinationò portions), randomized between participants, as well as 

four initial practice trials in which 1000 Hz tones were rated using the same CU scale.  

After the conclusion of the CLS paradigm, we derived individualized loudness growth functions using 

a procedure based on prior work equating categorical units to sones (Heeren et al., 2013; Wróblewski et al., 

2017). Using the conversion of CUs to sones first developed by Heeren et al. (2013) and further validated using 

the Rasetshwane CLS paradigm by Wróblewski et al. (2017), we generated power functions (i.e., loudness-

intensity growth functions) for each participant and stimulus using individual loudness ratings in CUs. Utilizing 

just the trials within the loudness function determination portion of a given block, we first calculated the 

Harrell-Davis median (Harrell & Davis, 1982) SPL value for each of the CU responses provided by the 

participant within that block, excluding any values of 0 or 50 (stimuli endorsed as ñCanôt Hearò or ñToo Loudò). 

The CU values associated with each of these median SPLs were then converted to CUSone values (Heeren et al., 
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2013; Wróblewski et al., 2017), and a loudness growth function for that block was fit using an ordinary least-

squared regression of log(CUSone) on median SPL. This function was then used to produce ñcalibration levelsò 

for each of the stimuliðexpected SPL values needed to produce CUSone values of 1.45 (15 CU, i.e., ñSoftò), 

9.99 (25 CU, i.e., ñMediumò), and 28.54 (35 CU, i.e., ñLoudò) were then derived for each of the five CLS 

stimuli, allowing us to utilize these specific levels in the electrophysiologic paradigms (described in Chapter 

6). Individual loudness growth function slopes for the four tonal stimuli were used as dependent variables in 

our analysis (calculated from a Bayesian hierarchical regression of log(CUSone) on median SPL; see section 

5.6.1 for additional details). 

5.2.4 Data Analysis 

5.2.4.1 Descriptive Analyses and Background Demographic/Clinical Variables 

Descriptive statistics were first derived to characterize the sample in terms of its demographic and 

clinical characteristics, including cognitive test scores, co-occurring conditions, hearing status, tinnitus, and 

DST disorders. We subsequently fit a series of Bayesian regression models to examine the degree to which 

certain clinical variables (hearing loss, tinnitus, number of psychiatric disorders, and tympanogram type) were 

predicted by DST and autism status. These models were fit in the brms R package (Bürkner, 2017) using 

Bernoulli likelihoods (logit link) for binary outcomes and Poisson likelihoods (log link) for count outcomes. 

All models included DISSS-derived diagnoses of hyperacusis, misophonia, and phonophobia (three-level 

monotonic variables; Bürkner & Charpentier, 2020); autism status; and several covariates, including age, sex, 

language composite, and PIQ, with continuous covariates and outcomes standardized before model fitting. 

Priors included t3(0, 1) on intercepts and Normal(0, 0.5) for all slope parameters. Model parameters were 

summarized using the posterior median, 95% highest-density credible interval (CrI), and probability of 

direction (Pd; Makowski et al., 2019). The self-reported ñage of onsetò variable for each DST syndrome from 

the DISSS was also coded for each individual such that in cases of comorbid DST disorders, the relative ages 

of hyperacusis, misophonia, and phonophobia symptoms were ordinally compared (i.e., ñhyperacusis onset 

before misophoniaò or ñmisophonia and phonophobia onset at approximately same ageò). Notably, many 

individuals in the sample gave approximate ages of onset (e.g., ñaround middle school,ò or ñas long as I can 

rememberò), and thus within-person ordinal comparisons were arguably as precise as our coding system could 

allow.  

5.2.4.2 Hierarchical Regression Modeling 

Data for the remaining outcomes were analyzed using Bayesian hierarchical regression models, in 

which the psychoacoustic or audiologic outcome of interest was regressed on (a) a set of fixed covariates (age, 

sex at birth [binary], language composite, WASI-II PIQ, and number of psychiatric/neurodevelopmental 
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diagnoses [monotonic]); (b) autism status (binary); (c) DST status (hyperacusis, misophonia, and phonophobia) 

derived from the DISSS (three-level monotonic variables; Bürkner & Charpentier, 2020); and (d) additional 

outcome-specific covariates that varied according to the model (e.g., hearing threshold for LDLs or frequency 

and amplitude modulation for CLS slope values; see Supplemental Table 5.4 for full model specification). 

Interaction terms (primarily autism ³ DST status, as well as additional interactions of group status and condition 

variables) were added to the models as needed to test additional ancillary hypotheses. Only one autism ³ DST 

interaction was tested per model, with the interaction term chosen a priori based on prior literature on autism 

or either DST construct suggesting a possible association between that outcome and a certain form of DST 

(autism ³ hyperacusis was chosen for all models except CDSMISO). There were three primary goals of these 

models: (a) to determine whether individuals with and without DST disorders exhibit different scores on these 

measures (DST group effects); (b) to determine whether autistic and non-autistic individuals exhibit different 

scores on these measures, independently of DST status (autism group effects); and (c) to determine whether 

autistic and non-autistic individuals with DST exhibit different scores on these measures (autism by DST 

interaction effects), each corresponding to specific focal parameters within the models. Monotonic effects for 

DST groups (and their priors) were parameterized such that a one-unit change indicated the difference between 

clinically significant DST and no DST, and all continuous variables were standardized (M=0, SD=1 in the 

sample) prior to fitting.   

These models were fit in a flexible Bayesian framework using the brms R package (Bürkner, 2017), 

with student-t likelihoods employed to increase the modelsô robustness to outliers (Fonseca et al., 2008). When 

outcomes (such as LDLs, NSRT sound ratings, and MEMR thresholds) included non-response as a possible 

input, we incorporated (right)-censoring in the model for those responses (sound levels censored at the 

maximum presented level; NSRT ratings censored at ratings of 100 on the VAS). Prior distributions for these 

models included t3(0, 1) for all regression intercepts, Normal(0, 0.5) for all slope parameters, exponential(1) 

for random effect standard deviations and the residual error term, gamma(2, 0.1) for n (the degrees-of-freedom 

parameter for the t-distribution), Lewandowski-Kurowicka-Joe [LKJ] priors (Lewandowski et al., 2009) for 

correlation matrices (h=2), and Dirichlet (a=1,é,1) priors for monotonic effect simplex parameters. All 

models were estimated via Markov chain Monte Carlo (MCMC) using the No U-turn Sampler (Hoffman & 

Gelman, 2014). Posterior distributions of all parameters were generated using 20,000 post-warmup MCMC 

draws from ten separate Markov chains.  

To determine the presence and significance of group difference effects, we examined (a) the point 

estimate (posterior median) and 95% CrI of each effect (with a CrI that excludes zero providing evidence of a 

ñstatistically significantò effect); and (b) the probability of direction (Pd; i.e., the posterior probability that bStd 
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is of the same sign [positive or negative] as its point estimate) for each regression slope as a Bayesian analog 

of the frequentist p-value, with values of Pd>.975 judged as ñstatistically significantò (Pd values >.975 are 

analogous to a two-tailed p<.05; Makowski et al., 2019). We additionally tested bStd values against a region of 

practical equivalence (ROPE; Kruschke, 2018), a null region surrounding zero (in this case bStd=[-0.1, 0.1]) in 

which values are considered to be so trivially small as to be practically equivalent to zero. This was done using 

the ROPE Bayes factor (BFROPE; Liao et al., 2021; Linde et al., 2023; Makowski et al., 2019), for which values 

of BFROPE>3 indicated a statistically significant group difference, values of BFROPE<1/3 indicated statistically 

equivalent parameters, and values between 1/3 and 3 indicated weak and inconclusive evidence for one 

hypothesis over the other based on standard guidelines (Wagenmakers et al., 2011). The posterior probability 

of a given effect exceeding the ROPE in the direction of the point estimate (P>ROPE; i.e., the probability of a 

ñpractically significantò effect) was also estimated to contextualize the significance of each effect further. 

Notably, although these many indices of significance provide bright lines for effects to be considered 

ñsignificantò or not (or alternatively ñequivalentò or not in the case of groups demonstrating no meaningful 

difference), it is worth mentioning that all statistical evidence is present on a continuum, and categorization of 

effects in this manner has been strongly criticized by many leading statisticians and methodologists as 

insufficiently nuanced (Gelman & Stern, 2006; Greenland, 2019; McShane et al., 2019; Wasserstein & Lazar, 

2016). Thus, although we continue to categorize effects as ñsignificantò or ñnot significantò out of necessity in 

the current study, we also view these categorizations as less rigid than many other researchers, with a greater 

effort made to holistically evaluate statistical evidence from multiple indices (including the full posterior 

distribution of effect sizes) rather than simply judging its significance based on a single arbitrary 

dichotomization of evidence. 

5.3 Results 

5.3.1 Descriptive Analyses 

Demographics and clinical characteristics of the sample and autistic subsample can be found in Table 

5.1. Participants spanned the full range of eligible ages (18ï60 years; M=33.27, SD=10.09), and the sample 

predominantly identified as non-Hispanic White (73.1%), cisgender women (69.7%), and well-educated 

(74.8% graduated from a four-year college; 41.1% with at least some graduate school). Consistent with the 

above-average education level of our sample, participants also demonstrated intelligence quotients 

approximately one standard deviation above the population mean (WASI-II FSIQ-4: M=116.64, SD=11.00, 

Min-Max=78ï141; PIQ: M=110.57, SD=11.94, Min-Max=72ï142) and slightly elevated average vocabulary 

scores (ROWPVT-4: M=111.37, SD=14.54, Min-Max=78ï146; EOWPVT-4: M=104.23, SD=13.35, Min-

Max=75ï133). Thirty-five individuals in the sample (21 cisgender women, 1 transgender woman, 9 cisgender 
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men, 3 non-binary individuals [2 assigned female at birth]) met diagnostic criteria for autism, six of whom 

received their diagnosis for the first time through the study evaluation. Additional psychiatric and 

neurodevelopmental conditions were also common (Mdn=3, IQR=1ï4 total psychiatric/neurodevelopmental 

diagnoses), with lifetime major depressive disorder (n=74; 62.2%), generalized anxiety disorder (n=55 

[46.2%]), ADHD (n=45 [37.8%]), social anxiety disorder (n=42 [35.2%]), and obsessive-compulsive disorder 

(OCD; n=24 [20.1%]) being the most frequently observed on the DART. Poisson regression indicated that a 

larger number of psychiatric/neurodevelopmental conditions (other than autism) was significantly and 

independently associated with diagnoses of hyperacusis (IRR=1.47, CrI95% [1.05, 2.03], Pd=.990), misophonia 

(IRR=1.57, CrI95% [1.15, 2.16], Pd=.998), and phonophobia (IRR=1.44, CrI95% [1.10, 1.90], Pd=.996), but not 

with autism (IRR=1.10, CrI95% [0.857, 1.44], Pd=.774). Among covariates, older age (IRRStd=1.65, CrI95% [1.08, 

2.52], Pd=.990) and male sex (IRR=2.02, CrI95% [1.00, 4.16], Pd=.971) also predicted more 

psychiatric/neurodevelopmental conditions. Psychotropic and centrally active medications were taken by 58 

participants (48.7% of the sample) at the time of the study, with selective serotonin reuptake inhibitors (n=28 

[23.5%]; inclusive of vortioxetine and vilazodone) and psychostimulants (n=15 [12.6%]; inclusive of 

phentermine) most reported.  

Hearing status in the sample was generally within normal limits at the majority of frequencies (mean 

6-frequency pure tone average [octave frequencies between 250 Hz and 8000 Hz, averaged across ears]: 9.00 

(SD=5.31) dB HL [range -1.25ï24.58]), with 20.2% of the sample (n=24) demonstrating one hearing threshold 

between 250 and 8000 Hz >25 dB HL (indicating at least some clinical hearing loss) and 70.6% of the sample 

(n=84) demonstrating at least one hearing threshold of 12500 Hz or 16000 Hz >25 dB HL (indicating hearing 

loss that may be limited to extended high frequencies). Logistic regression indicated that hearing loss (defined 

as any threshold value >25 dB HL between 250ï8000 Hz in either ear) was significantly related to older age 

(ORStd=1.88, CrI95% [1.27, 2.91], Pd=.999) but not to autism or any of the DST disorders (ORs=0.945ï1.35, 

Pd<.716); this same pattern of results occurred when expanding the definition of hearing loss to extended-high 

frequencies as well (age effect: ORStd=3.53, CrI95% [2.10, 6.00], Pd>.999; DST/autism effects: ORs=0.840ï

1.20, Pd<.690). Tympanograms were within normal limits (Jerger type A; Onusko, 2004) bilaterally at both 

visits for 101 individuals (84.9%), with all but one of the remainder of abnormal tympanograms being either 

type As (i.e., reduced compliance and typical peak pressure; n=4 ears) or type Ad (i.e., increased compliance 

and typical peak pressure; n=14 ears). One individual (cisgender non-autistic male with clinically significant 

misophonia, hyperacusis, and tinnitus disorder) did demonstrate a type B tympanogram (i.e., flat tracing with 

no clear peak) in the right ear, although he demonstrated no clinically significant hearing loss in the affected 

ear (air conduction thresholds Ò25 dB HL 250ï8000 Hz) or asymmetric hearing thresholds in the expected 

direction of a right-sided pathological lesion (i.e., right-sided threshold never exceeded left-sided threshold by 
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more than 10 dB). Thus, this individual was retained in the study. Notably, none of the three DST disorders or 

autism status were significantly associated with the presence of an abnormal tympanogram (binary outcome 

based on having any abnormal tympanogram type in either ear at either visit) in a logistic regression, after 

controlling for age, sex, language composite and PIQ (ORs=0.774ï1.19, all Pd<.680).  

As an additional hearing-related variable, 33 individuals in the study (27.7%) complained of tinnitus 

(lasting 5 minutes or more at a time) on the DISSS. Nine individuals reported episodic tinnitus (occurring less 

than once per week), 17 reported chronic tinnitus (occurring once per week or more episodically [n=10] or 

constantly when quiet [n=9] but not associated with significant distress or functional impairment), and seven 

reported tinnitus disorder (De Ridder et al., 2021), defined as ñchronic tinnitusò with significant associated 

disability, distress and functional impairment. A logistic regression using ñchronic tinnitus or tinnitus disorderò 

as the outcome found tinnitus to be significantly associated with older age (ORStd=1.66, CrI95% [1.10, 2.58], 

Pd=.992) and marginally associated with male sex (OR=2.04, CrI95% [0.988, 4.15], Pd=.974), although not with 

autism status (OR=0.762, CrI95% [0.345, 1.58], Pd=.762) or any of the three DST diagnoses (ORs=1.23ï1.75, 

Pd<.858). 

Within the sample, a total of 85 individuals (71.4%) were found on the DISSS to meet criteria for a 

subclinical or clinical DST disorder (either hyperacusis, misophonia, or phonophobia), and 67 (56.3%) were 

found to have a DST disorder that was deemed clinically significant. A cross-tabulation of hyperacusis, 

misophonia, and autism status can be found in Table 5.2. In total, 48 individuals (28 autistic) met criteria for 

clinical hyperacusis: 22 with ñpure loudness hyperacusis,ò 15 with ñpain hyperacusis,ò and 11 with an 

intermediate phenotype of ñmixed hyperacusis,ò where sound-induced pain occurred but did not happen 

frequently enough to meet the definition of pain hyperacusis. An additional 21 individuals (five autistic) met 

the criteria for subclinical hyperacusis, of whom four demonstrated subclinical pain hyperacusis. Moreover, 40 

individuals in the sample (17 autistic) met criteria for clinical misophonia, with an additional 28 (10 autistic) 

meeting criteria for subclinical misophonia. Lastly, 28 individuals (16 autistic) met criteria for clinical 

phonophobia, with an additional eight (five autistic) meeting criteria for subclinical phonophobia. As seen in 

Table 5.2, the overlap between DST conditions in the present sample was extremely high, with the majority of 

individuals with clinical hyperacusis in the sample also meeting criteria for misophonia (26/48 [54.1%] clinical, 

12/48 [25.0%] subclinical) or phonophobia (23/48 [47.9%] clinical, 3/48 [6.3%] subclinical). Similarly high 

overlap also existed between clinical misophonia and the other two DST disorders (hyperacusis: 26/40 [65.0%] 

clinical, 8/40 [20.0%] subclinical; phonophobia: 14/40 [35.0%] clinical, 4/40 [10.0%] subclinical). Of 

particular note was the fact that phonophobia was almost never a solitary diagnosisðof the 36 individuals with 

any clinical or subclinical phonophobia in the current study, only two (5.6%) did not meet DISSS criteria for 

another DST condition (in both cases, the participants were judged to have clinical phonophobia and high ñtrait  
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Table 5.1: Demographic and Clinical Characteristics of Sample and Autism-based Subgroups 

 

  
Full Sample 

(N=119) 

Autistic Group 

(n=35) 

Non-autistic Group 

(n=84) 

Age (Years) 33.27 (10.09) 31.46 (9.70) 34.02 (10.21) 

Sex    

     Male 31 (26.1%) 10 (28.6%) 21 (25.0%) 

     Female 88 (73.9%) 25 (71.4%) 63 (75.0%) 

Gender minority 6 (5.04%) 5 (14.3%) 1 (1.2%) 

Hispanic/Latino ethnicity 10 (8.4%) 1 (2.9%) 9 (10.7%) 

Race    

     American Indian/Alaska Native 4 (3.4%) 2 (5.7%) 2 (2.4%) 

     Asian 12 (10.1%) 3 (8.6%) 9 (10.7%) 

     Black 6 (5.0%) 1 (2.9%) 5 (6.0%) 

     Middle Eastern/North African 2 (1.7%) 1 (2.9%) 1 (1.2%) 

     Pacific islander 0 (0.0%) 0 (0.0%) 0 (0.0%) 

     White 102 (85.7%) 33 (94.3%) 69 (82.1%) 

     Other race 1 (0.8%) 1 (2.9%) 0 (0.0%) 

Highest level of education    

     High school diploma/GED 10 (8.4%) 5 (14.3%) 5 (6.0%) 

     Some college 17 (14.3%) 8 (22.9%) 9 (10.7%) 

     Associate degree 3 (2.5%) 3 (8.6%) 0 (0.0%) 

     Bachelorôs degree 40 (33.6%) 10 (28.6%) 30 (35.7%) 

     Some graduate school 13 (10.9%) 2 (5.7%) 11 (13.1%) 

     Master's degree 27 (22.7%) 4 (11.4%) 23 (27.4%) 

     Doctorate degree 9 (7.6%) 3 (8.6%) 6 (7.1%) 

Clinical hearing loss (excludes EHF) 24 (20.2%) 8 (22.9%) 16 (19.0%) 

Octave PTA (250-8000 Hz) ï Left  9.62 (5.65) 8.72 (5.15)  9.99 (5.83) 

Octave PTA (250-8000 Hz) ï Right 8.39 (5.69) 7.60 (6.37) 8.72 (5.40) 

Tinnitus 33 (27.7%) 9 (25.7%) 24 (28.6%) 

Cognitive and language scores    

     Verbal IQ 118.72 (13.02) 116.86 (12.70) 119.51 (13.15) 

     Performance IQ 110.59 (11.96) 109.57 (14.08) 111.02 (11.01) 

     Full-scale IQ 116.64 (11.00) 115.23 (12.82) 117.24 (10.16) 

     Receptive language 110.91 (14.73) 110.83 (13.96) 110.94 (15.12) 

     Expressive language  104.13 (13.41) 106.31 (12.92) 103.23 (13.58) 

Psychiatric history    

     Number of diagnoses 2.95 (2.33) 4.83 (2.22) 2.17 (1.89) 

     Any anxiety disorder (current) 73 (61.3%) 29 (82.9%) 44 (52.4%) 

     Lifetime mood disorder 78 (65.5%) 26 (74.3%) 52 (61.9%) 

     ADHD 45 (37.8%) 21 (60.0%) 24 (28.6%) 

     OCD 24 (20.2%) 14 (40.0%) 10 (11.9%) 

     Psychotropic medication usea 58 (48.7%) 22 (62.9%) 36 (42.9%) 
Values are presented as M (SD) for continuous variables and n (%) for categorical variables. Percentages reflect the percentage of non-missing 

values. All psychiatric diagnoses are based on the Diagnostic Assessment Research Tool (DART). EHF = Extended High Frequency; PTA = 

Pure-tone average; IQ = Intelligence Quotient; ADHD = attention-deficit/hyperactivity disorder; OCD = obsessive-compulsive disorder.  
a Medication classes taken by five or more participants include selective serotonin reuptake inhibitors (n=28), psychostimulants (n=15), atypical 

antipsychotics (n=8), benzodiazepines (n=8), alpha-2 agonists (n=8), bupropion (n=7), anticonvulsant mood stabilizers (n=6), propranolol (n=6), 

gabapentinoids (n=6), serotonin-norepinephrine reuptake inhibitors (n=5), and trazodone or mirtazapine (n=5). 
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noise sensitivityò; Dzhambov, 2015; Henry et al., 2022).  

We also investigated the reported age of onset of DST symptoms for each of the three conditions for 

individuals who met criteria for more than one form of DST. Among participants with both hyperacusis and 

misophonia symptoms, both disorders occurring approximately the same time (42.9%) was most common, 

followed by hyperacusis preceding misophonia (35.7%) and then misophonia preceding hyperacusis (21.4%). 

Notably, the onset of phonophobia in cases with other DST disorders was nearly always reported to be after 

the onset of the other DST condition (70% of the time), with 25% of the remaining 30% of individuals (all 

except 2) stating that their phonophobia symptoms began at the same time as their comorbid hyperacusis or 

misophonia.  In many cases, the feared situations characteristic of phonophobia were clearly related to an 

inability to cope with sounds due to existing DST (e.g., an individual with misophonia fears becoming 

aggressive or lashing out at others in restaurants and avoids eating out, despite this never having occurred 

before), providing substantial qualitative evidence for a ñsecondaryò phobic anxiety disorder.  

5.3.2 Audiologic Testing 

A summary of all group differences in psychophysical and audiologic parameters can be found in 

Table 5.3. Hearing thresholds were practically equivalent across hyperacusis, phonophobia, and autism groups 

(BFROPE<0.165), and the effect of misophonia on hearing thresholds was not significant despite not surpassing 

the threshold for practical equivalence (BFROPE=0.345). As would be expected, there was a practically 

significant effect of age on hearing thresholds, with older age associated with higher thresholds (bStd=0.194, 

CrI95% [0.129, 0.258], Pd>.999, BFROPE=62.3, P>ROPE=.997). We additionally observed a statistically but not 

practically significant effect of sex, with males demonstrating slightly higher thresholds (bStd=0.182, CrI95% 

[0.043, 0.324], Pd=.995, BFROPE=1.36, P>ROPE=.880). No other covariates were significant, and a supplemental 

model including a hyperacusis ³ autism interaction suggested that no such interaction was present (bStd=-0.054, 

CrI95% [-0.466, 0.349], Pd=.605, BFROPE=0.151, P>ROPE=.406). When examining the hyperacusis group effect 

at just the extended high frequencies, hearing thresholds were statistically equivalent at 12.5 kHz and 

numerically higher albeit non-significantly so at 16 kHz, indicating very slight and practically insignificant 

elevations at the group level (bStd,12500=.144, CrI95% [-0.163, 0.520], Pd=.667, BFROPE=0.163, P>ROPE=.350; 

bStd,16000=.144, CrI95% [-0.163, 0.520], Pd=.829, BFROPE=0.353, P>ROPE=.605).  

As hypothesized, LDLs demonstrated a large and practically significant hyperacusis group effect, with 

individuals with clinically significant hyperacusis demonstrating LDLs that were 17.2 dB lower on average 

across frequencies compared to individuals without hyperacusis (bStd=-0.943, CrI95% [-1.331, -0.552], Pd>.999, 

BFROPE=807, P>ROPE>.999). LDLs were equivalent across misophonia, phonophobia, and autism groups 

(BFROPE<0.267; Table 5.3). LDLs were also significantly associated with hearing threshold, such that higher 
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Table 5.2: Cross-tabulation of Hyperacusis and Misophonia Status in Study Sample and Autistic/Non-autistic Subgroups 
 

 

Full Sample Autistic  Non-autistic 

Any hyperacusis only 15 6 9 

Clinical hyperacusis only 10 6 4 

Subclinical hyperacusis only 5 0 5 

Any misophonia only 14 0 14 

Clinical misophonia only 6 0 6 

Subclinical misophonia only 8 0 8 

Any hyperacusis + misophonia 54 25 29 

Clinical hyperacusis + Clinical misophonia 26 12 14 

Clinical hyperacusis + Subclinical misophonia 12 8 4 

Subclinical hyperacusis + Clinical misophonia 8 3 5 

Subclinical hyperacusis + Subclinical misophonia 8 2 6 

No hyperacusis or misophonia 36 2 34 

Hyperacusis and misophonia diagnoses were based on the Diagnostic Interview for Sound Sensitivity Disorders (DISSS). Hyperacusis status indicates either 

ñloudness hyperacusisò or ñpain hyperacusis,ò with a clinical designation of either subtype being sufficient for a person to be classified as ñclinical hyperacusis.ò 
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thresholds at a given frequency were associated with higher LDLs to a practically meaningful extent 

(bStd=0.240, CrI95% [0.159, 0.316], Pd>.999, BFROPE=101, P>ROPE=.998; Figure 5.1A). Male participants also 

demonstrated significantly higher LDLs than female participants (bStd=0.313, CrI95% [0.054, 0.582], Pd=.990, 

BFROPE=3.15, P>ROPE=.943), even after controlling for all other relevant factors such as hearing threshold and 

hyperacusis status. Lastly, number of psychiatric/neurodevelopmental conditions was also associated with 

significantly decreased LDLs (bStd=-0.095, CrI95% [-0.200, -0.005], Pd=.985, BFROPE=0.166, P>ROPE=.464), 

although the absolute magnitude of this effect (~1.73 [0.09, 3.65] dB decrease per additional diagnosis) was 

of uncertain practical significance. No other covariates were significant, and a supplemental model including 

a hyperacusis Ĭ autism interaction suggested that no such interaction was present (ɓStd=-0.065, CrI95% [-0.781, 

0.630], Pd=.574, BFROPE=0.308, P>ROPE=.460). 

5.3.3 Peripheral Physiology Assays 

As is typical, MEMR thresholds were significantly higher on the contralateral side as compared to 

the ipsilateral side (bStd=0.369, CrI95% [0.229, 0.522], Pd>.999, BFROPE=902, P>ROPE>.999). However, MEMR 

threshold levels were equivalent across DST groups (BFROPE<0.292; Table 5.3). Autistic participants 

demonstrated numerically higher MEMR thresholds than non-autistic participants, although this was not 

statistically significant and evidence was inconclusive as to whether this reflected a practically significant 

difference or not (bStd=0.245, CrI95% [-0.153, 0.638], Pd=.884, BFROPE=0.886, P>ROPE=.764). No other 

covariates were significant, and no hyperacusis ³ autism interaction was present when tested in a separate 

model (bStd=-0.066, CrI95% [-0.900, 0.753], Pd=.563, BFROPE=0.380, P>ROPE=.467). 

The model for TEOAEs was somewhat more complicated than most other outcomes, including both 

main effects of autism and DST diagnostic group status (reflecting group differences in TEAOE amplitudes, 

regardless of condition) as well as interactions of these diagnoses with suppression condition (reflecting 

group differences in the strength of the MOCR). In the TEOAE model, OAE amplitude was strongly related 

to noise floor (bStd=0.552, CrI95% [0.506, 0.597], Pd>.999, BFROPE=1.60³1020, P>ROPE>.999), and the practical 

significance of the suppression main effect (bStd=-0.352, CrI95% [-0.472, -0.229], Pd>.999, BFROPE=1033, 

P>ROPE>.999) demonstrated the clear presence of an MOCR at a group level. Additionally, male sex was 

associated with lower OAE amplitudes across conditions, an effect that exceeded the threshold for practical 

significance (bStd=-0.340, CrI95% [-0.647, -0.043], Pd=.986, BFROPE=3.18, P>ROPE=.940). OAE amplitudes 

were found to be equivalent between individuals with and without hyperacusis and misophonia 

(BFROPE<0.173 for main effects; Table 5.3), and these amplitudes were also not significantly different 

between autistic and non-autistic individuals (bStd=0.065, CrI95% [-0.329, 0.455], Pd=.625, BFROPE=0.337, 

P>ROPE=.430) or individuals with and without phonophobia (bStd=-0.265, CrI95% [-0.688, 0.158], Pd=.890,  
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Table 5.3: Focal Model Parameters and Indices of Effect Significance for Outcomes of Interest 

 
 bStd [95% CrI]  Pd BFROPE P>ROPE 

AC Thresholds     

Hyperacusis 0.057 [-0.143, 0.253] 0.725 0.054 0.333 

Misophonia 0.226 [-0.136, 0.620] 0.895 0.345 0.761 

Phonophobia 0.138 [-0.063, 0.335] 0.912 0.165 0.647    

Autism -0.078 [-0.247, 0.098] 0.816 0.143 0.403 

LDLs     

Hyperacusis -0.943 [-1.331, -0.552] >0.999 807 >0.999 

Misophonia -0.009 [-0.335, 0.307] 0.525 0.101 0.289 

Phonophobia 0.198 [-0.146, 0.532] 0.870 0.267 0.714 

Autism -0.033 [-0.372, 0.273] 0.580 0.228 0.343 

MEMRs     

Hyperacusis -0.041 [-0.515, 0.412] 0.571 0.172 0.400 

Misophonia -0.066 [-0.498, 0.338] 0.621 0.161 0.437 

Phonophobia 0.210 [-0.239, 0.641] 0.824 0.292 0.690 

Autism 0.245 [-0.153, 0.638] 0.884 0.806 0.761 

TEOAEs     

Hyperacusis 0.012 [-0.430, 0.490] 0.524 0.173 0.353 

Misophonia -0.052 [-0.458, 0.363] 0.599 0.154 0.408 

Phonophobia -0.265 [-0.688, 0.158] 0.890 0.397 0.776 

Autism 0.065 [-0.329, 0.455] 0.625 0.337 0.430 

Hyperacusis ³ Suppression -0.062 [-0.274, 0.151] 0.716 0.066 0.356 

Misophonia ³ Suppression 0.055 [-0.124, 0.240] 0.726 0.049 0.315 

Phonophobia ³ Suppression 0.207 [0.011, 0.398] 0.981 0.563 0.863 

Autism ³ Suppression -0.051 [-0.233, 0.138] 0.707 0.102 0.300 

CLS Growth Slopes     

Hyperacusis 0.535 [0.059, 1.001] 0.987 2.79 0.964 

Misophonia 0.148 [-0.277, 0.563] 0.756 0.210 0.589 

Phonophobia -0.051 [-0.453, 0.351] 0.598 0.148 0.408 

Autism 0.012 [-0.368, 0.387] 0.525 0.295 0.321 

Sound Ratings (CDSHYP)     

Hyperacusis 0.154 [-0.169, 0.460] 0.834 0.196 0.633 

Misophonia -0.024 [-0.380, 0.316] 0.559 0.113 0.331 

Phonophobia 0.041 [-0.242, 0.321] 0.618 0.088 0.341 

Autism 0.177 [-0.090, 0.436] 0.906 0.529 0.715 

Sound Ratings (CDSMISO)     

Hyperacusis -0.053 [-0.309, 0.222] 0.657 0.083 0.364 

Misophonia 0.609 [0.208, 1.034] 0.997 9.84 0.991 

Phonophobia 0.016 [-0.249, 0.269] 0.549 0.073 0.262 

Autism -0.151 [-0.438, 0.115] 0.863 0.396 0.645 

Contrasts that are statistically significant (Pd>0.975) are bolded, whereas contrasts that are practically equivalent to zero 

(BFROPEÒ1/3) are presented in italics). Interactions between autism and hyperacusis or misophonia are not included in the table 

but were not significant in any case. Pd = probability of direction; BFROPE = ROPE Bayes factor; P>ROPE = probability of effect 

exceeding the ROPE; AC = Air Conduction; LDLs = Loudness Discomfort Levels; MEMRs = middle ear muscle reflexes; 

TEOAEs = transient evoked otoacoustic emissions; CLS = categorical loudness scaling; CDSHYP = core discriminant sounds 

for hyperacusis; CDSMISO = core discriminant sounds for misophonia.
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Figure 5.1: Raincloud Plots of (A) Loudness Discomfort Levels and (B) Categorical Loudness Scaling-based Loudness Growth Slopes by Hyperacusis Status 

 

 

Black points and error bars represent group means and their standard errors. All individual mean loudness discomfort levels are the unweighted average of left ear and 

right ear mean discomfort thresholds for all tested frequencies for a given individual, with censored values imputed as the limit of the audiometer + 5 dB. All individual 

mean loudness growth slopes represent the unweighted average of four random-effect terms derived from individual Bayesian hierarchical models for the different 

tonal categorical loudness scaling conditions (500 Hz and 2000 Hz tones with and without amplitude modulation).   
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Figure 5.2: Raincloud Plot of Transient Evoked Otoacoustic Emission (TEOAE) Suppression by Phonophobia Status 

 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 
 

 

 
 

 
 

 
 

Black points and error bars represent group means and their standard errors. All individual TEOAE suppression effects represent random slope terms from a (restricted 

maximum likelihood) linear mixed-effects model in which TEOAE amplitude was regressed on noise floor and suppression condition, with a random intercept and 

random slope of suppression condition by subject.
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BFROPE=0.397, P>ROPE=.776). When examining group effects on the MOCR, autistic and non-autistic 

individuals were equivalent (BFROPE=0.102), as were individuals with and without hyperacusis or misophonia 

(BFROPE<0.066; Table 5.3). However, our model also demonstrated an interaction effect in which the MOCR 

of individuals with phonophobia was significantly less pronounced (i.e., TEOAE amplitudes were larger 

during the suppression condition only; bStd=0.207, CrI95% [0.011, 0.398], Pd=.981, BFROPE=0.563, 

P>ROPE=.863; Figure 5.2). Although this effect was statistically significant, it was relatively small in 

magnitude and inconclusive in terms of its practical significance. No other covariates were significant, and 

both the hyperacusis ³ autism interaction terms were not significant when tested in a separate model (OAE 

amplitude: bStd=-0.201, CrI95% [-0.590, 1.003], Pd=.688, BFROPE=0.408, P>ROPE=.595; MOCR effect: 

bStd=0.003, CrI95% [-0.458, 0.435], Pd=.505, BFROPE=0.165, P>ROPE=.328). We additionally performed a 

sensitivity analysis, in which the MOCR was quantified using the more conventional ñdifference in 

differenceò method as opposed to the model-based estimates we had used for the primary analyses. In this 

sensitivity analysis, the effect of phonophobia on MOCR amplitudes was no longer significant (bStd=-0.107, 

CrI95% [-0.260, 0.047], Pd=.915, BFROPE=0.217, P>ROPE=.533). 

5.3.4 Psychoacoustic Tasks 

Pleasantness ratings from the NSRT on the CDSHYP portion of the task were significantly associated 

with sound level (contrast of highest and lowest SPLs: bStd=0.421, CrI95% [0.336, 0.507], Pd>.999, 

BFROPE=2.51³107, P>ROPE>.999). Surprisingly, individuals with and without hyperacusis provided practically 

equivalent pleasantness ratings for the CDSHYP sounds (bStd=0.134, CrI95% [-0.120, 0.381], Pd=.854, 

BFROPE=0.158, P>ROPE=.606), and practical equivalence was also observed across misophonia and 

phonophobia groups (BFROPE<0.081; Table 5.3). Autistic individuals provided on average marginally higher 

unpleasantness ratings for CDSHYP sounds, although this difference did not reach the threshold for statistical 

significance (bStd=0.150, CrI95% [-0.068, 0.377], Pd=.906, BFROPE=0.405, P>ROPE=.673). No additional 

covariates were significant in this model, and the hyperacusis ³ autism interaction term in a separate model 

was found to be practically equivalent to zero (bStd=0.119, CrI95% [-0.414, 0.634], Pd=.677, BFROPE=0.233, 

P>ROPE=.529). Because adverse reactions in individuals with hyperacusis have been suggested to be primarily 

a function of stimulus characteristics (Jastreboff & Jastreboff, 2014), we ran an additional model that included 

a hyperacusis ³ SPL interaction term, finding a statistically significant interaction term between the two 

(contrast of clinical vs. no hyperacusis at highest and lowest SPLs: bStd=0.224, CrI95% [0.045, 0.422], Pd=.989, 

BFROPE=0.446, P>ROPE=.916) of uncertain practical significance (91.6% posterior probability of a practically 

significant effect). Notably, in this model, the main effect of SPL was attenuated due to variance being 

distributed to the interaction (contrast of highest and lowest SPLs: bStd=0.315, CrI95% [0.141, 0.491], Pd=.999, 
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BFROPE=7.25, P>ROPE=.989), and the main effect of hyperacusis was still equivalent to zero (bStd=0.174, CrI95% 

[-0.076, 0.430], Pd=.915, BFROPE=0.241, P>ROPE=.722). Additionally, the degree to which hyperacusis groups 

were meaningfully discriminated varied greatly across stimuli as well as sound levels (Supplemental Table 

5.5), with all sounds but ñLaughò and ñBirdsongò only significantly discriminating between groups at 80 dB 

SPL and one (Underwater) not demonstrating significant group discrimination at any level.  

Pleasantness ratings from the NSRT on the CDSMISO portion of the task were also associated with 

sound level to an even larger extent than the CDSHYP sounds (contrast of highest and lowest SPLs: bStd=0.730, 

CrI95% [0.648, 0.813], Pd>.999, BFROPE=1.34³1020, P>ROPE>.999). Moreover, individuals with misophonia 

rated these sounds as significantly more unpleasant than those without the condition (bStd=0.443, CrI95% 

[0.144, 0.729], Pd=.997, BFROPE=6.60, P>ROPE=.986). In contrast, ratings of CDSMISO sounds were equivalent 

across groups based on autism, hyperacusis, and phonophobia status (BFROPE<0.222; Table 5.3). No other 

covariates were significant in this model, and the misophonia ³ autism interaction term in a separate model 

did not reach the threshold for statistical significance (bStd=0.109, CrI95% [-0.168, 0.390], Pd=.780, 

BFROPE=0.526, P>ROPE=.403). As participants with misophonia experience variable reactions to different 

trigger sounds, we additionally conducted a post-hoc analysis of misophonia group effects for each sound 

separately (derived from the same hierarchical model, which included a random slope term by sound). 

Notably, misophonia effects on unpleasantness ratings of the various CDSMISO sounds were quite 

heterogeneous (bStd range: -0.006 [Heavy Breathing] to 1.030 [Chewing 1]; Figure 5.3), and four of the 11 

sounds (Throat Clearing, Snoring, Keyboard Typing, Heavy Breathing; all bStd<0.148, Pd<.938) did not 

significantly discriminate between groups.  

CLS-based loudness growth slopes were clearly influenced by stimulus type, with significant main 

effects of frequency and amplitude modulation, as well as a statistically significant interaction between the 

two. Loudness growth was greater for 2000 Hz tones than for 500 Hz tones (bStd=0.193, CrI95% [0.079, 0.307], 

Pd>.999, BFROPE=3.34, P>ROPE=.945) and greater for unmodulated as opposed to modulated tones (bStd=0.175, 

CrI95% [0.082, 0.270], Pd>.999, BFROPE=3.12, P>ROPE=.942). Additionally, these factors were sub-additive, 

such that loudness growth for unmodulated 2000 Hz tones was lower than would be expected from the 

combination of both frequency and amplitude modulation main effects (bStd=-0.137, CrI95% [-0.010, -0.265], 

Pd=.981, BFROPE=0.462, P>ROPE=.714). As hypothesized, there was a moderate and statistically significant 

effect of hyperacusis on CLS-based loudness growth slopes, with individuals in the hyperacusis group 

demonstrating steeper psychoacoustic loudness functions (bStd=0.535, CrI95%  [0.059, 1.001], Pd=.987 

BFROPE=2.79, P>ROPE=.964; Figure 5.1B). Notably, although there was a 96.4% posterior probability of this 

effect being practically significant, the ROPE Bayes factor fell slightly under the dichotomous practical 

significance threshold (BFROPE=3).  Loudness growth slopes were equivalent between autistic and non-
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Figure 5.3: Average Marginal Effects of Misophonia Status by Sound Stimulus within the CDSMISO Sound Pool 

 

 
 

All effects represent the contrast between individuals with clinical misophonia and no misophonia, marginalized over all other DST covariates (as well as participant) 

and conditional on the mean of continuous covariates. Full posterior distributions of each effect are displayed. Circles represent posterior medians, and the thick and 

thin bars represent the 50% and 95% highest-density credible intervals (CrIs). The posterior median and 95% CrI for each effect is presented on the right side of the 

plot. The gray rectangle represents the region of practical equivalence [-0.1, 0.1].   
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autistic individuals, as well as individuals with and without misophonia or phonophobia (BFROPE<0.295; Table 

5.3). No other covariates were significant, and no hyperacusis ´ autism interaction was present when tested in a 

separate model (ɓStd=-0.024, CrI95% [-0.156, 0.083], Pd=.672, BFROPE=0.027, P>ROPE=.115). 

5.4 Discussion 

The present study represents one of the largest multimodal investigations of DST and its correlates to 

date, as well as the first to systematically examine these correlates in a transdiagnostic sample inclusive of both 

autistic and non-autistic adults with consideration of the three major DST disorders (hyperacusis, misophonia, and 

phonophobia). In our sample of 119 adults recruited from the community, 71% of whom met criteria for some 

form of clinical or subclinical DST using a semi-structured interview measure, we observed high rates of 

comorbidity between DST conditions, high levels of psychopathology (independently predicted by all three DST 

disorders but not autism),  and moderate rates of audiometric hearing loss and chronic tinnitus (predicted by older 

age but not DST or autism status). None of the DST disorders were significantly associated with air conduction 

thresholds, even when analyses were restricted to extended high frequencies that could theoretically be most 

sensitive to noise damage. However, as demonstrated in a substantial amount of previous work, LDLs were very 

strongly associated with hyperacusis. Additional psychophysical data on hyperacusis was mixed; hyperacusis (but 

not any other DST disorder) was strongly associated with a steepening of the CLS-based loudness-intensity 

function, and Misophonia (but not any other DST disorder) demonstrated a strong association with ratings of the 

ñcore discriminant sounds for misophoniaò (CDSMISO; Enzler, Loriot, et al., 2021), although it is notable that this 

latter effect was largely driven by a subset of the sounds (e.g., chewing, slurping), and certain sound-specific 

contrasts were not significant. Hyperacusis was also associated with ratings of ñcore discriminant sounds for 

hyperacusisò (CDSHYP; Enzler, Fournier, et al., 2021), but this group difference was only present for certain sounds 

at higher levels, resulting in weaker discrimination than for the misophonia sound battery. Effects of DST on 

peripheral physiology (TEOAEs and MEMRs) were largely absent, with the exception of phonophobia (but not 

hyperacusis or misophonia) being associated with a slightly reduced MOCR (i.e., higher TEOAE amplitudes in 

the suppression condition). Additionally, there were no significant interactions of autism and DST status across 

any outcomes (and many demonstrated practical equivalence), indicating that the correlates of DST (and 

mechanistic pathways they represent) do not differ between autistic and non-autistic individuals with hyperacusis, 

misophonia, or phonophobia. By examining a large number of relevant outcomes in a deeply-phenotyped sample 

of adults spanning the full range of DST disorders and autism, the present study lays a strong foundation for further 

work in this area, unveil putative mechanisms of DST, and begin to move away from descriptive and non-

experimental studies toward a more hypothesis-driven and rigorous science.   

5.4.1 Audiometric Measures 

When examining pure tone air conduction thresholds in the sample, it is notable that we did not find an 
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association between elevated thresholds and hyperacusis, as would be expected based on previous research (Anari 

et al., 1999; Brandy & Lynn, 1995; Jahn & Polley, 2023; Sheldrake et al., 2015; Smit et al., 2021). One reason for 

this is the fact that our inclusion criteria required participants to have normal hearing sensitivity at three mid-range 

frequencies (500, 1000 and 2000 Hz) to ensure that hearing loss and loudness recruitment were not significant 

confounds in the CLS task (as well as electrophysiologic tasks described in the following chapter). Although 

individuals with higher-frequency hearing losses were still included in the study, the degree of hearing loss was 

necessarily limited by the inclusion of only sloping configurations, and the number of individuals with moderate-

to-severe hearing loss in the high frequencies was quite limited (e.g., only 13 individuals [10.9% of the sample] 

had a threshold of 40 dB HL or higher in at least one ear at 8000 Hz). It is possible that if a larger range of hearing 

impairments had been included in the study sample, we would have observed an association between DST (and 

specifically hyperacusis) and hearing loss, as in the previous population-based study by Smit et al. (2021). It is 

also notable that we observed no participants with unilateral hyperacusis, in contrast to Jahn & Polley (2023)ð

given that their sample frequently reported hearing loss that was asymmetric (though not clearly defined relative 

to the hyperacusis symptoms), it may have been the case that such unilateral presentations are a consequence of 

the hearing loss reported and could even reflect an artifact or confound such as loudness recruitment (Buus & 

Florentine, 2002). Contrary to the hyperacusis findings, individuals with misophonia were not expected to 

demonstrate significant differences in their hearing thresholds based on prior research (Jager et al., 2020; Schröder 

et al., 2013; Siepsiak et al., 2022), and we were able to confirm this as being the case in the present sample.   

Loudness discomfort levels demonstrated the largest between-group difference of any tested measure, 

with an approximately 17 dB difference between individuals with and without hyperacusis on this measure after 

controlling for relevant covariates. Importantly, despite claims that LDLs are often reduced in individuals with 

misophonia as well (Jastreboff & Jastreboff, 2023) and the previous literature showing reduced LDLs in autistic 

individuals (Demopoulos & Lewine, 2016; Khalfa et al., 2004; Rosenhall et al., 1999; Steigner & Ruhlin, 2014), 

our current study found that neither misophonia nor autism were significantly related to LDL thresholds after 

accounting for hyperacusis status, suggesting that these conditions are only associated with LDLs insofar as they 

are frequently also associated with (clinical or subclinical) hyperacusis. However, LDLs were independently 

associated with hearing thresholds (higher with more hearing loss), sex (higher in males), and number of 

psychiatric/neurodevelopmental diagnoses (lower with increasing psychopathology), suggesting that there are 

many other sources of variance in LDLs beyond hyperacusis severity that confound their use as a reliable 

diagnostic test for hyperacusis. However, the performance of residualized LDLs (after controlling for relevant 

covariates such as sex, frequency-specific hearing threshold, and general psychopathology) has yet to be tested as 

a meaningful hyperacusis diagnostic and remains a promising avenue for future research, given its large degree of 

between-group discrimination. Moreover, the LDLs tested in the current study used a slightly different direction 

set than many previous studies, with participants indicating when they became ñminimally uncomfortable.ò In 
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theory, this modified direction set may have benefits for individuals with DST (in terms of tolerability) and could 

also be associated with less error variance due to reductions in ñdecision biasò regarding the mental location of 

ñuncomfortable.ò However, these claims remain untested and speculative, and they should therefore be empirically 

validated by comparing our current protocol with current standardized protocols such as the updated BSA LDL 

direction set (British Society of Audiology, 2022). Further methodological research that specifically varies the 

parameters of LDL acquisition and analysis is likely useful to improve the test characteristics of this measure and 

improve its ability to both screen for hyperacusis and discriminate between diagnostic groups. 

5.4.2 Measures of Peripheral Physiology 

Markers of peripheral physiology, including MEMRs and OAEs, have been examined as potential 

correlates of DST disorders and autism with mixed results in the past. However, in the current study, these 

measures were not significantly related to any DST disorder or autism despite clear evidence of well-known 

experimental effects (e.g., lower MEMR thresholds with ipsilateral stimuli; Devi & Murugesan, 2022). Given our 

inability to replicate the associations of hyperacusis with MEMRs (Ohmura et al., 2019; Saxena et al., 2020) or 

OAE suppression (Knudson et al., 2014; Wilson et al., 2017) in the current study, we believe that there is a 

substantial possibility that these prior associations (demonstrated in much smaller cohorts) were spurious. Notably, 

we did find an effect of phonophobia (rather than hyperacusis) on MOCRs, although this effect was in the opposite 

direction of the MOCR effect found in previous hyperacusis studies (Knudson et al., 2014; Wilson et al., 2017) 

and did not survive a sensitivity analysis that used a different method to calculate the MOCR. Prior experimental 

work does demonstrate that there are top-down influences (such as focusing oneôs attention in the visual or auditory 

modality) that can significantly increase the strength of the MOCR (Marcenaro et al., 2021; Mishra, 2014). One 

possible explanation for the modest MOCR difference in seen between individuals with and without phonophobia 

is simply that individuals with phonophobia are focusing less (on average) on the television program they are 

currently watching due to a heightened vigilance regarding the background noise environment. However, this 

explanation remains highly speculative, and we believe that these results beg for replication. Lastly, misophonia 

was also found to be unrelated to all testes auditory peripheral physiological markers tested in the present study, 

replicating the small prior OAE literature in this population (Aryal & Prabhu, 2024; Suraj et al., 2024). We 

extended this work by demonstrating that MEMRs are also unrelated to misophonia status, and the equivalence of 

both MEMR and TEOAE parameter in individuals with and without misophonia applies to samples that include 

autistic individuals with misophonia as well.  

5.4.3 Psychoacoustic Measures 

As a final area of investigation, we sought to determine the utility of several psychoacoustic tasks in 

discriminating between DST conditions. CLS was used to first derive a loudness growth function, which we 

hypothesized to be steeper in individuals with hyperacusis due to their enhanced central auditory gain and previous 
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work demonstrating steeper loudness growth in this population (Assi et al., 2018; Brandy & Lynn, 1995; Erinc & 

Derinsu, 2022; Noreña & Chery-Croze, 2007). We did find hyperacusis to be associated with steeper loudness 

functions in the present study, as well as some condition effects (steeper loudness growth for unmodulated and 

higher-frequency tones). Though we did not determine whether these condition effects interacted with hyperacusis, 

there were no a priori hypotheses that they would, and thus we opted to limit the number of additional statistical 

tests to avoid overfitting our models. Interestingly, despite the CLS slope function being theoretically more 

proximal to the ñmechanismò of hyperacusis than LDLs (one point on the loudness function that can be confounded 

by other variables), the CLS slope was not nearly as strong of a discriminator between groups as LDLs were. 

Although this may have been due to psychometric reasons (i.e., LDLs are simply more reliable due to being based 

on a higher number of measurements rather than a somewhat unstable model-based calculation), it is also clear 

from the overlap in CLS slope distributions that at least some individuals labeled clinically as having hyperacusis 

do not seem to have enhanced loudness growth at the psychoacoustic level compared to the general population. 

Whether these individuals actually experience a primary loudness disturbance or some other form of more 

emotionally driven hyperacusis remains to be determined, but this could be a particularly important area of 

investigation for parsing the heterogeneity of the DST population and developing mechanism-based treatments.  

The naturalistic sound rating task developed by Enzler and colleagues (Enzler, Fournier, et al., 2021; 

Enzler, Loriot, et al., 2021) was also tested in a much different sample than its original validation studies, this time 

utilizing a smaller set of sounds (i.e., only the ñcore discriminant soundsò for each of the two disorders, 

supplemented with a small number of additional ñnegative,ò ñpositive,ò and ñneutralò sounds to ensure that the 

full range of ratings would be used) and aiming to discriminate the two DST conditions from one another in a 

mixed-DST sample rather than simply ascertaining case status in a ñcleanò case-control sample. Notably, the task 

produced mixed results, with the misophonia portion of the task working as intended (i.e., demonstrating a strong 

misophonia effect but no hyperacusis or phonophobia effect) and the hyperacusis portion of the task not 

demonstrating the desired ability to discriminate between individuals with and without hyperacusis. However, 

when incorporating an interaction between hyperacusis status and SPL into the model, 80 dB SPL stimuli appeared 

effective at discriminating between groups (with the exception of the ñUnderwaterò sound). Nevertheless, the 

discrimination ability of this task remained significantly below that of the LDL procedure, and substantial 

improvements would be needed before a version of this task could be utilized in clinical practice. In the misophonia 

portion of the task, only seven of the 11 CDSMISO sounds actually demonstrated significant misophonia effects 

(Throat Clear, Heavy Breathing, Keyboard Typing, and Snoring did not discriminate between groups). Although 

these sounds remain common triggers for many individuals with misophonia (Andermane et al., 2023; Hansen et 

al., 2021), it is likely that the short (1ï3 second) duration of the sounds was not repetitive enough to cause the level 

of distress needed for individuals with misophonia to be ñtriggeredò by many of the sounds in the way that others 

like chewing will (which occurs near-instantly). Optimizing any ñtrigger soundò stimuli to ensure that they 
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appropriately trigger the respondents is necessary for future work on misophonia, and systematic exploration of 

sound durations to figure out the shortest amount of time needed to trigger most individuals with each stimulus 

type (as this is likely to vary by stimulus and individual) is a meaningful area of future investigation. It is notable, 

however, that at least some sounds, particularly oronasal eating sounds, are effective enough at triggering 

individuals with misophonia that a 1ï2 second presentation will be sufficient to be rated at the maximum of 

unpleasantness by almost all of them. A sound rating task limited to just the most effective misophonia triggers 

(i.e., chewing, slurping, and swallowing) may be sufficient to discriminate between groups, and additional work 

on this topic could continually improve the battery to maximize clinical utility and reduce participant/patient 

burden.  

5.4.4 Strengths and Limitations 

This study had a number of strengths, including its transdiagnostic focus, moderately large sample size, 

deep phenotyping of DST with a semi-structured interview, inclusion of a comprehensive psychiatric interview, 

and modern statistical methods used to analyze the data. However, it had a number of limitations as well. First and 

foremost, there exist no widely-accepted standardized diagnostic criteria for any DST condition; thus, we utilized 

a criterion set that was developed by our research team (see Supplemental Tables 4.6ï4.9) to operationalize these 

diagnoses. Our inclusion and diagnostic criteria were also quite broad, which led to a heterogeneous sample of 

individuals with each of the DST conditions (e.g., different sound-relevant specific phobias all categorized as 

ñphonophobiaò; loudness and pain hyperacusis both categorized as ñhyperacusisò). However, we believe this 

strategy to be appropriate given the lack of consensus around the features of these disorders, and the current data 

will be available for re-use if other researchers wish to analyze the correlates of a more circumscribed DST 

phenotype (e.g., adult-onset acquired pain hyperacusis) within our sample. Our study also systematically excluded 

individuals with recent psychosis, active substance abuse, intellectual disability, and significant hearing loss or 

middle/inner ear pathology from participating, which may have limited the population of individuals with DST 

disorders and/or autism to which these results can generalize. In particular, an estimated 37.4% of autistic 

individuals in the United States have co-occurring intellectual disability (Maenner et al., 2023); therefore, it 

remains particularly unclear the degree to which studies such as this, which focus exclusively on the population of 

autistic individuals without co-occurring intellectual disabilities, can be generalized to the full spectrum of autistic 

individuals with DST symptoms.  

The psychoacoustic tasks used to examine hyperacusis in the present study also have a number of 

limitations, not the least of which being that they rely on subjective judgments about loudness and/or pleasantness 

that may be difficult to equate between individuals or translate to preclinical models. Notably, in the past decade, 

a number of animal models of hyperacusis have become available (Hayes et al., 2014; Radziwon et al., 2020), 

introducing behavioral assays such as reaction time-intensity growth functions (Radziwon & Salvi, 2020) as 
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measures of ñobjectiveò loudness growth that can translate between preclinical models of hyperacusis and humans 

with the condition. To our knowledge, such tasks have not been formally tested in the hyperacusis population 

beyond a very small proof of concept study (Lauer & Dooling, 2007), and no studies to date have attempted to 

compare loudness growth slopes assessed using such ñobjectiveò measures with the CLS-based loudness growth 

slopes to determine whether they are indeed measuring the same underlying constructs. Thus, it remains unclear 

whether these tasks are indeed measuring the same sort of pathological loudness growth that can also be ascertained 

in animal models of hyperacusis, and more work is needed in order to determine the translational potential of the 

psychoacoustic findings demonstrated in the present study.   

As another significant limitation, the study protocol was quite long and involved (8+ hours over multiple 

days), requiring participants to be fairly committed to participating in the study to complete it all. Although our 

general sampling scheme was one in which we aimed to recruit both autistic and non-autistic individuals with all 

levels of DST (with planned over-sampling of both autistic individuals and participants with clinically significant 

DST), our intensive study protocol led to the over-recruitment of participants who were affiliates of Vanderbilt 

University and/or Vanderbilt University Medical Center, as many of them were located in places where travel to 

the study site from their workplace was convenient. This skewed the sample toward a group of highly intelligent, 

educated, and frequently not research-naïve participants that do not necessarily represent the broader population 

to which we hope this study applies. High motivation overcoming the inconvenience of participation likely 

accounts for some degree of DST in 71% of the study sample, including nearly all of the autistic individuals who 

participated in the study (33/35). This undersampling of autistic individuals without any DST likely reduces our 

studyôs power to detect significant interactions between autism status and any of the DST subtypes, and it is 

possible that even larger studies with a broader sampling of autistic and non-autistic individuals with and without 

DST symptoms may demonstrate more subtle differences in the correlates of hyperacusis or misophonia between 

groups. However, the sample sizes needed to detect many subtle regression interactions with sufficient power are 

prohibitively large (Sommet et al., 2023), and it remains to be seen whether such differences would be large enough 

to be practically significant or whether they reflect meaningful differences in underlying mechanisms of DST 

generation. Due to this lack of power and the already large number of statistical tests performed, we also limited 

the number of interactions examined, excluding all interactions between DST disorders or three-way interactions 

involving two DST disorders and autism or autism, a DST disorder, and a condition effect (except in the case of 

the OAE model, where such interactions were specified a priori). Although these interactions are of interest and 

may well have yielded positive results in some cases, we lacked power and sufficient samples in all subgroups to 

meaningfully investigate them. As such, we believe that larger (likely multi-site) studies are needed to purposefully 

investigate the degree to which individuals with multiple DST disorders differ from individuals with single DST 

disorders on any of these outcomes. Moreover, due to the length of the study protocol, we chose to reduce the 

ñdepthò of each paradigm (e.g., DPOAEs with and without suppression and acoustic reflexes with tone elicitors 
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were not ascertained) in order to increase the overall breadth of the study battery as a whole. Lastly, the order of 

the tasks was not counterbalanced between participants. Tasks typically proceeded in a set order (with some minor 

adjustments due to scheduling availability); therefore, order effects may be present in a portion of the data that 

could not be accounted for.   

5.5 Conclusion 

In a large transdiagnostic sample of 84 non-autistic adults and 35 autistic adults that spanned the full 

range of DST symptomatology, we found that hyperacusis, misophonia, and phonophobia each have unique and 

largely nonoverlapping correlates. Hyperacusis (but not any other form of DST) was found to be associated with 

significant reductions in loudness discomfort levels and a steepening of the psychoacoustic loudness growth 

function, demonstrating that it is indeed related to a pathological form of loudness growth. Misophonia, however, 

was only related to unpleasantness ratings of misophonic trigger sounds in the naturalistic sound rating task, and 

our data showed for the first time that individuals with misophonia have normal middle ear muscle reflexes and 

confirmed that their TEOAE parameters (including MOCRs) are not significantly outside normal limits. 

Phonophobia was found to be associated with a small reduction in the MOCR, but this unanticipated result requires 

replication. Lastly, autism did not interact with any DST diagnosis in predicting any outcome, indicating that the 

correlates of DST disorders do not tend to differ between autistic and non-autistic adults, although a low number 

of autistic adults without any DST may temper the certainty of this conclusion. Although the field of DST research 

remains in its infancy, this first large-scale transdiagnostic study of correlates provides a meaningful foundation 

for future work targeting mechanisms of specific sound tolerance disorders in both autistic and non-autistic 

individuals and developing meaningful interventions for these understudied conditions.  
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CHAPTER 5 SUPPLEMENTARY MATERIALS  

 

5.7 Supplemental Methods 

5.7.1 Loudness Slope Calculation 

In order to calculate the slopes of the loudness growth functions in the present study, we fit Bayesian 

hierarchical regression models to summary data from the categorical loudness scaling (CLS) task, stratified by 

condition. The Harrell-Davis (1982) median SPL that a participant assigned a given rating to (e.g., the median of 

all SPLs that were rated ñLoudò during a specific block) was used as the primary independent variable, and the 

primary dependent variable was the associated log-transformed loudness of that rating in sones (based on Heeren 

et al., 2013). All models additionally included a random intercept by subject and a random slope of SPL by subject. 

Separate models were fit to data for each of the four tonal CLS conditions (500 Hz unmodulated tones, 500 Hz 

amplitude-modulated tones, 2000 Hz unmodulated tones, and 2000 Hz amplitude-modulated tones). These models 

were fit in a Bayesian framework using the brms R package (Bürkner, 2017), using a Gaussian likelihood, a t3(-5, 

2.5) prior on regression intercepts, a t3(0, 0.25) prior on regression slopes (i.e., SPL fixed effects), an exponential(5) 

prior on the standard deviation of random effects, and an LKJ(2) prior on the random-effect correlation matrix. All 

models were estimated via Markov chain Monte Carlo (MCMC) using the No U-turn Sampler (Hoffman & 

Gelman, 2014). Posterior distributions of all parameters were generated using 12,500 post-warmup MCMC draws 

from ten separate Markov chains, and the posterior median of the distribution of the subject-specific SPL term was 

used as an estimate of the stimulus-specific loudness growth slope. Only point estimates of each growth slope were 

carried forward for use in further statistical testing. 
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Supplemental Table 5.4: Specifications of Hierarchical Bayesian Models for Primary Outcomes 

 

Outcome Fixed effects Random effects brms syntax 

AC Thresholds 

[right-censored] 

Age, Sex, Language composite, PIQ, Number of 

psychiatric conditions (monotonic), Autism 

status, Hyperacusis status (monotonic), 

Misophonia status (monotonic), Phonophobia 

status (monotonic) 

Ear 

By Subject: Intercept, Ear 

 

By Frequency: Intercept, Ear, 

Hyperacusis status (monotonic), 

Misophonia status (monotonic), 

Phonophobia status (monotonic), 

Autism status 

Threshold | cens(noresp) ~  

Age + Sex + Language + PIQ + mo(nPsych) +  

mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia) + 

Autism + Ear + (1 + Ear | Subject) +  

 (1 + Ear + mo(Hyperacusis) + mo(Misophonia) + 

mo(Phonophobia) + Autism | Frequency) 

LDLs 

[right-censored] 

Age, Sex, Language composite, PIQ, Number of 

psychiatric conditions (monotonic), Autism 

status, Hyperacusis status (monotonic), 

Misophonia status (monotonic), Phonophobia 

status (monotonic) 

Ear, Threshold 

By Subject: Intercept, Ear 

 

By Frequency: Intercept, Ear, 

Threshold, Hyperacusis status 

(monotonic), Misophonia status 

(monotonic), Phonophobia status 

(monotonic), Autism status 

LDL | cens(noresp) ~  

Age + Sex + Language + PIQ + mo(nPsych) +  

mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia) + 

Autism + Threshold + Ear + (1 + Ear | Subject) +  

(1 + Threshold + Ear + mo(Hyperacusis) + mo(Misophonia) 

+ mo(Phonophobia) + Autism | Frequency) 

MEMRs 

[right-censored] 

Age, Sex, Language composite, PIQ, Number of 

psychiatric conditions (monotonic), Autism 

status, Hyperacusis status (monotonic), 

Misophonia status (monotonic), Phonophobia 

status (monotonic) 

Probe Ear, Stimulus Ear, Probe Ear ³ 

Stimulus Ear 

By Subject: Intercept, Probe Ear, 

Stimulus Ear, Probe Ear ³ 

Stimulus Ear 

 

MEMR | cens(noresp) ~  

Age + Sex + Language + PIQ + mo(nPsych) +  

mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia) + 

Autism + Probe_Ear * Stim_Ear +  

(1 + Probe_Ear * Stim_Ear | Subject) 

TEOAEs 

Age, Sex, Language composite, PIQ, Number of 

psychiatric conditions (monotonic), Autism 

status, Hyperacusis status (monotonic), 

Misophonia status (monotonic), Phonophobia 

status (monotonic) 

Noise Floor, Ear, Suppression, Suppression 

Interactions (with Hyperacusis, Misophonia, 

Phonophobia, Autism, and Ear) 

By Subject: Intercept, Ear, 

Suppression, Ear ³ Suppression 

 

By Trial [Nested within Subject]: 

Intercept, Suppression 

 

 

TEOAE_AMP ~  

Age + Sex + Language + PIQ + mo(nPsych) +  

Noise_Floor + Ear * Suppression + Suppression *  

mo(Hyperacusis) + Suppression *  mo(Misophonia) + 

Suppression *  mo(Phonophobia) + Suppression *  Autism + 

                      (1 + Ear * Suppression | Subject) +  

(1 + Suppression | Subject:Trial) 
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CLS Slopes 

Age, Sex, Language composite, PIQ, Number of 

psychiatric conditions (monotonic), Autism 

status, Hyperacusis status (monotonic), 

Misophonia status (monotonic), Phonophobia 

status (monotonic) 

 

Frequency, AM, Frequency ³ AM  

By Subject: Intercept, Frequency, 

AM, Frequency ³ AM  

CLS_Slope ~ Age + Sex + Language + PIQ + mo(nPsych) + 

mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia) +   

Autism + Frequency * AM + (1 + Frequency * AM | Subject) 

Sound Ratings 

(CDSHYP) 

[right-censored] 

Age, Sex, Language composite, PIQ, Number of 

psychiatric conditions (monotonic), Autism 

status, Hyperacusis status (monotonic), 

Misophonia status (monotonic), Phonophobia 

status (monotonic) 

 

SPL (monotonic) 

By Subject: Intercept, SPL 

(monotonic) 

 

By Sound: Intercept, SPL 

(monotonic), Hyperacusis status 

(monotonic), Misophonia status 

(monotonic), Phonophobia status 

(monotonic), Autism status 

CDSHYP_Rating | cens(censored) ~  

Age + Sex + Language + PIQ + mo(nPsych) +  

mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia) + 

Autism + mo(SPL) + (1 + mo(SPL) | Subject) +  

(1 + mo(Hyperacusis) + mo(Misophonia) + 

mo(Phonophobia) + Autism | Sound) 

Sound Ratings 

(CDSMISO) 

[right-censored] 

Age, Sex, Language composite, PIQ, Number of 

psychiatric conditions (monotonic), Autism 

status, Hyperacusis status (monotonic), 

Misophonia status (monotonic), Phonophobia 

status (monotonic) 

 

SPL (monotonic) 

By Subject: Intercept, SPL 

(monotonic) 

 

By Sound: Intercept, SPL 

(monotonic), Hyperacusis status 

(monotonic), Misophonia status 

(monotonic), Phonophobia status 

(monotonic), Autism status 

CDSMISO_Rating | cens(censored) ~  

Age + Sex + Language + PIQ + mo(nPsych) +  

mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia) + 

Autism + mo(SPL) + (1 + mo(SPL) | Subject) +  

(1 + mo(Hyperacusis) + mo(Misophonia) + 

mo(Phonophobia) + Autism | Sound) 

In the list of fixed and random effects, the effects that are specific to a given model beyond the baseline covariates (age, sex, language, performance IQ [PIQ], number 

of psychiatric diagnoses), autism status, and the three decreased sound tolerance conditions (hyperacusis, misophonia, and phonophobia) are presented in bold. All 

continuous variables, including outcomes are normalized (to a mean of 0 and standard deviation of 1 in the sample) before model fitting in order to allow the priors to 

be on a standard scale across all models. AC = Air Conduction; LDLs = Loudness Discomfort Levels; MEMRs = middle ear muscle reflexes; TEOAEs = transient 

evoked otoacoustic emissions; CLS = categorical loudness scaling; CDSHYP = core discriminant sounds for hyperacusis; CDSMISO = core discriminant sounds for 

misophonia; AM = Amplitude Modulation; SPL = Sound Pressure Level. 
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Supplemental Table 5.5: Sound- and Level-specific Hyperacusis Group Effects on CDSHYP Sound Ratings 

 

Sound SPL bStd [95% CrI]  Pd P>ROPE 

Laugh 60 0.246 [-0.008, 0.493] .972 .876 

Fountain 60 0.128 [-0.123, 0.373] .849 .588 

Piano 60 0.184 [-0.055, 0.434] .933 .757 

Ocean 60 0.125 [-0.115, 0.384] .838 .577 

Harp 60 0.196 [-0.039, 0.448] .944 .784 

Birdsong 60 0.296 [0.037, 0.543] .990 .938 

Underwater 60 0.055 [-0.193, 0.310] .671 .361 

Laugh 70 0.293 [0.038, 0.550] .987 .932 

Fountain 70 0.165 [-0.086, 0.422] .904 .696 

Piano 70 0.231 [-0.025, 0.477] .965 .847 

Ocean 70 0.163 [-0.087, 0.423] .898 .685 

Harp 70 0.238 [-0.014, 0.487] .969 .865 

Birdsong 70 0.333 [0.079, 0.594] .995 .962 

Underwater 70 0.084 [-0.161, 0.349] .740 .550 

Laugh 80 0.519 [0.186, 0.846] .999 .994 

Fountain 80 0.346 [0.030, 0.671] .982 .935 

Piano 80 0.452 [0.131, 0.779] .997 .982 

Ocean 80 0.344 [0.030, 0.682] .980 .930 

Harp 80 0.437 [0.128, 0.763] .997 .981 

Birdsong 80 0.511 [0.186, 0.825] .999 .993 

Underwater 80 0.217 [-0.118, 0.534] .906 .762 

All effects represent the contrast between clinical hyperacusis and no hyperacusis, marginalized over all other DST 

covariates (as well as subject) and conditional on the mean of continuous covariates. The region of practical 

equivalence (ROPE) is set to [-0.1, 0.1], and P>ROPE indicates the proportion of the posterior distribution of bStd 

exceeding 0.1. Statistically significant effects (Pd > .975) are presented in bold.   
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6 CHAPTER 6 

 

A Transdiagnostic Study of Decreased Sound Tolerance and its Correlates in Autistic and 

Non-autistic Adults II: Electrophysiology 

 

6.1 Background 

Although decreased sound tolerance (DST) and its constituent disorders (hyperacusis, misophonia, 

phonophobia; Henry et al., 2022; Williams, He, et al., 2021), can be extremely debilitating to individuals who 

experience them, at present we still know very little about the pathophysiology underpinning these conditions. 

In recent years, there has been growing research interest in understanding the neurocognitive mechanisms of 

these disorders, particularly hyperacusis and misophonia (for reviews, see Berger et al., 2023; Neacsiu et al., 

2022; Salvi et al., 2021, 2022), but existing theories regarding the neurophysiologic basis of DST have not 

been substantiated with sufficient human data to be widely accepted as the clear ñoriginsò of those conditions. 

The lack of empirical data linking basic neural mechanisms of DST to subjective symptoms of DST disorders 

remains a major obstacle for the identification of more effective treatments for hyperacusis and other DST 

disorders. Thus, additional translational work in human participants that attempts to bridge clinical DST 

phenotypes and perceptual/physiological correlates remains of the utmost importance, as it has the potential to 

inform and refine existing preliminary models of DST pathophysiology and to point towards novel targets of 

DST interventions. 

6.1.1 Models and Mechanisms of Hyperacusis 

The leading pathophysiologic model for understanding the mechanisms of hyperacusis is that of 

increased central (auditory) gain (Auerbach et al., 2014; Diehl & Schaette, 2015; Sheppard et al., 2020; Zeng, 

2020), in which sound-evoked signals from the auditory nerve are progressively amplified as they travel along 

the ascending auditory pathway, leading to ultimately higher levels of activation in auditory cortical areas that 

encode loudness. In cases where hyperacusis co-occurs with peripheral hearing damage, this enhanced gain is 

viewed as compensatory, but hyperacusis often occurs in the absence of hearing loss/damage(e.g., aberrant 

neurodevelopment; Williams, He, et al., 2021). The primary tenets of central gain theory are supported by a 

sizable body of work in model organisms, which compellingly demonstrate that increased central gain is indeed 

the mechanism underlying hyperacusis in those systems (Pienkowski, 2019; Salvi et al., 2021; Sheppard et al., 

2020).  

Notably, few human studies have measured central gain in vivo (Jahn, 2022), though two 
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neuroimaging studies provide evidence of hyperactivity of the central auditory system (auditory midbrain, 

thalamus, and primary auditory cortex) in patients with both tinnitus and hyperacusis compared to those with 

tinnitus alone (Gu et al., 2010; Koops & van Dijk, 2021). However, converging evidence from other modalities 

such as electrophysiology is lacking, even in the same population of patients with tinnitus (Bigras et al., 2023; 

Refat et al., 2021), and there is currently minimal empirical support to suggest that hyperacusis in non-tinnitus 

patient populations, such as autistic individuals (Williams, He, et al., 2021), is underpinned by increased central 

gain (although see Mercati et al., 2017 for an exception related to a specific genetically-defined form of autism). 

Thus, additional research is needed to confirm the applicability of the central gain model to the broader 

population of individuals with hyperacusis, including those without tinnitus and whose hyperacusis is 

secondary to neurodevelopmental conditions. 

6.1.2 Models and Mechanisms of Misophonia 

In contrast to hyperacusis, the study of mechanisms underlying misophonia has almost exclusively 

taken place in the past decade, given the relatively recent introduction of this construct to the academic and 

clinical literature. Moreover, the lack of a validated animal model of misophonia limits the degree to which 

basic neuroscientific studies in rodents or primates can be leveraged to advance understanding of this condition. 

Almost all research on misophonia to date has, therefore, been carried out on humans with varying degrees of 

misophonia symptoms ranging from very mild to clinically significant. A recent review by Neacsiu et al. (2022) 

indicated that misophonia was associated with altered functional response and connectivity in brain networks 

involved in emotion, salience, attention to detail, and cognitive flexibility. A more specific neural signature of 

misophonia appears to exist insofar as the connectivity of the insula is altered, and motor regions are 

hyperactive, when an individual with misophonia is perceiving a ñtriggerò sound (Kumar et al., 2017, 2021).  

The dominant model of misophonia was proposed by Jastreboff and Jastreboff (2003, 2023) and is 

referred to as the ñneurophysiological modelò (Jastreboff, 2024). In this model, the auditory system in 

individuals with misophonia is not altered, although its connectivity with limbic and autonomic systems are 

altered during processing of certain idiosyncratic auditory stimuli (i.e., triggers). Importantly, neuroimaging 

data thus far have failed to confirm the predictions of this theory, as auditory-limbic connectivity in individuals 

with misophonia does not appear to be enhanced in response to trigger sounds (Neacsiu et al., 2022). Thus, an 

alternative model of misophonia has recently been proposed by Berger et al. (2023), which attempts to explain 

misophonia within the context of action perception. After sounds are processed in the auditory cortex, signals 

are transmitted to motor regions to form a motor representation, and individuals with misophonia are thought 

to have increased functional connectivity between auditory and motor cortices at this stage of processing (a 

claim that is supported by empirical data; Neacsiu et al., 2022). In turn, there is also stronger functional 
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connectivity between insular cortex and motor cortex, which authors have hypothesized represents a stronger 

activation of insular regions by an upstream motor representation (Kumar et al., 2017). This ñaction perception 

modelò additionally hypothesizes that a hyperactive insula conveys its signal to the amygdala (Kumar et al., 

2017), resulting in the characteristic misophonic emotional response, as well as to autonomic control areas such 

as the periaqueductal gray to produce observed changes in physiology such as alterations in heart rate or skin 

conductance (Berger et al., 2023). Although consistent with extant neuroimaging data, the action perception 

model of misophonia still has fairly limited empirical support, particularly from studies employing measures 

other than functional magnetic resonance imaging (MRI).  

6.1.3 Electrophysiological Investigations of DST 

When examining the neural correlates of DST disorders, electrophysiological techniques represent a 

promising area of inquiry (Bigras et al., 2023; Jahn, 2022; Tenesaca, 2022). Structural and functional MRI 

studies are necessarily limited in the extent to which they can be applied to DST populations in humans, 

particularly hyperacusis, due to the inherent loudness of MRI scanners. Thus, few participants with hyperacusis 

are likely willing to enroll in an MRI study of DST, and the tolerability of even specially designed study 

protocols is likely to be limited for those with moderate-to-severe symptoms. Electrophysiologic techniques 

(Picton, 2010) such as auditory brainstem responses (ABRs; including waves IïVI), middle latency responses 

(MLRs; waves Na, Pa, Nb, and Pb/P1), auditory steady-state responses (ASSRs), and longer-latency auditory 

event-related potentials (ERPs; predominantly frontocentrally located sensory components P1, N1, and P2, but 

also longer-latency cognitive components such as P3a/P3b) offer reasonable alternatives to MRI-based assays 

that can be used to further investigate the neural correlates of DST and generate meaningful information about 

the mechanisms underlying these disorders of sound tolerance. Additional advantages of electrophysiological 

techniques, including their relatively low cost, ability to be administered without active participation, and high 

temporal resolution provide further support for their potential utility in the DST population.  

6.1.3.1 Electrophysiologic Correlates of Hyperacusis 

Although electrophysiological research on DST disorders to date has been somewhat scarce (see Aryal 

& Prabhu, 2023c; Bigras et al., 2023; Jahn, 2022 for reviews), a small number of studies have begun to utilize 

these techniques to characterize hyperacusis and/or misophonia. One report of three patients who demonstrated 

hyperacusis secondary to unilateral insular lesions (Boucher et al., 2015) reported an enhanced P3b ERP 

component, but no changes  in the N1, P2, or mismatch negativity ERP components. This study seems to 

suggest that the insular cortex is involved in the modulation of auditory signals, and ERP results indicate that 

its involvement occurs at the later stages of information processing, after the target is consciously recognized 

and oriented to Alterations in earlier components that primarily reflect encoding of stimulus features (i.e., N1, 
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P2, and MMN; Joos et al., 2014) do not appear to be the driver of hyperacusis, at least when this condition 

occurs secondary to insular lesions. This contradicts the central gain model, which would have predicted 

increased amplitudes and/or decreased latencies of the P1 and/or N1 components in the hyperacusis group. 

Another small case series of three hyperacusis patients with hearing loss undergoing sound therapy to expand 

their auditory dynamic ranges (Formby et al., 2017) demonstrated that in this cohort of patients, successful 

treatment of hyperacusis (ostensibly associated with reduction of central auditory gain) was associated with 

increased MLR responses for wave Pa. (Formby et al., 2017) Another study examined loudness perception and 

N1-P2 auditory ERPs (during a passive listening task) and found enhanced psychoacoustic loudness growth in 

the hyperacusis group but no ERP differences between individuals with and without hyperacusis (Erinc & 

Derinsu, 2022). However, the criteria by which the hyperacusis group was defined in this study was fairly 

liberal, thus this group likely comprised a mixture of individuals with clinically significant and subclinical 

hyperacusis. In another auditory oddball ERP study  with intensity and duration deviants (Yukhnovich et al., 

2024), individuals with hyperacusis demonstrated increased P1 and P2 ERP amplitudes, although ERP latencies 

were not examined. This most recent study does suggest that sound-evoked auditory cortical activity could 

potentially be increased at a group level in individuals with hyperacusis (of undetermined/mixed etiologies), 

which is consistent with predictions of the central gain model (Auerbach et al., 2014). 

Fewer studies have examined ABR parameters in individuals with hyperacusis, although those that 

have reported no associations between hyperacusis symptoms and ABR amplitudes or latencies (Bramhall et 

al., 2018; Gu et al., 2012; Refat et al., 2021). In cases where individuals with hyperacusis do exhibit increased 

central auditory gain at the level of the inferior colliculus, as is the case in animal models (Auerbach et al., 

2019), one would expect a steeper association between stimulus intensity and ABR wave V parameters (i.e., 

higher amplitudes and shorter latencies with increasing level; Serpanos et al., 1997). in individuals with 

hyperacusis compared to those without. At sufficiently high levels, the hyperacusis group should also 

demonstrate greater wave V amplitudes and/or shorter wave V latencies in response to fixed-level stimuli. 

Although no studies to date have formally examined the growth of ABR wave V amplitude or intensity in 

individuals with hyperacusis, one study by Hofmeier et al. (2021) found that individuals with tinnitus and 

hyperacusis had shorter ABR wave V latencies than tinnitus-matched [but not normal-hearing] controls. 

Additionally, Mercati et al. (2017) found that hyperacusis in a population of autistic individuals with specific 

genetic mutations and their family members was also associated with abnormally reduced ABR wave V 

latencies, a potential neural correlate of increased central gain. Similarly, shortened ABR wave V latencies 

were also found in a group of autistic children with ñauditory hypersensitivityò when compared to a control 

group of autistic children without DST using high intensity clicks in a sedated ABR paradigm (Thabet & 

Zaghloul, 2013). Notably, despite recent studies demonstrating that the 40-Hz ASSR (Korczak et al., 2012) 
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may be a particularly robust correlate of psychoacoustic loudness growth in both normal-hearing and hearing-

impaired listeners (Van Eeckhoutte et al., 2016, 2018), no ASSRs have been examined as a neural correlate of 

hyperacusis in any published study to date. 

6.1.3.2 Electrophysiologic Correlates of Misophonia 

A small body of research has begun to utilize electrophysiological techniques to investigate 

misophonia as well, with studies attempting to interrogate both earlier auditory processes (Aryal & Prabhu, 

2023a, 2023b; Schröder et al., 2014) and later cognitive processes related to the evaluative aspects of stimulus 

processing (Tenesaca, 2022). Notably, the action-perception model of misophonia (Berger et al., 2023) does 

not posit any alterations in sound-evoked activation of primarily unimodal auditory processing regions of the 

cortex or subcortex, and thus no changes in ABRs or P1/N1/P2 ERP parameters would be hypothesized based 

on this model. However, increased activation of regions such as insular cortex, cingulate cortex, and amygdala 

in response to triggering stimuli (Neacsiu et al., 2022) could indicate alterations in later ìcognitiveî potentials 

such as the P3a, P3b, and late positive potential (LPP), which are putatively generated by these and other supra-

modal structures (Fields, 2023; Hajcak & Foti, 2020; Joos et al., 2014; Polich, 2012). The first ERP study of 

misophonia by Schröder et al. (2014) utilized electroencephalography (EEG) to measure ERPs in individuals 

with and without misophonia during a passive auditory oddball task and found no differences between groups 

in evoked response to standard tones, although the misophonia group did demonstrate reduced N1 amplitudes 

in response to deviant tones, interpreted by the authors as a low-level auditory processing deficit. Another ERP 

study by Aryal & Prabhu (2023a) investigated evoked response to monaural tone bursts, finding reduced P1 

and N1 ERP latencies in individuals with misophonia relative to healthy controls and dimensional associations 

between these metrics and misophonia severity). Another study from the same research group (Aryal & Prabhu, 

2023b) assessed supra-threshold click-evoked ABR latency and reported no meaningful differences in the 

latencies of ABR waves I, III, or V in misophonia. Notably, an unpublished study from a different research 

group (Husain & Kim, 2022) contradicts these findings, reporting prolonged ABR wave V latencies in 

individuals with misophonia. A final unpublished thesis study by Tenesaca (2022) reported a novel ERP 

paradigm in which adults with moderate-to-severe misophonia, autistic adults, and controls listened to 

potentially aversive/triggering sounds preceded by a visual image of one of two plausible generators of that 

sound (either ñsocialò or ñmechanicalò). Individuals with misophonia demonstrated significantly larger N1 

responses and aversiveness ratings to sounds paired with a ñsocialò cue relative to both other groups. In sum, 

the electrophysiologic literature on misophonia to date is sparse and conflicting, although several of the small 

studies that have been conducted indicate that sensory components as early as the auditory brainstem may be 

affected in the disorder.  
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6.1.4 Role of the Present Study 

Importantly, there are several major limitations of the present body of work examining the 

electrophysiologic correlates of DST in humans. Chief among these is the fact that in almost every case, 

hyperacusis and misophonia have been studied separately. Most did not report screening for comorbid DST 

disorders when studying a single condition despite high levels of overlap between these syndromes (Aazh et 

al., 2022; Andermane et al., 2023; Brennan et al., 2023; Dixon et al., 2024). A similar problem is also present 

when examining auditory ERP studies of autistic individuals, which many researchers conduct in hopes to 

better understand the DST symptoms that characterize a large proportion of the autistic population (Williams, 

He, et al., 2021). Relative to non-autistic controls (and without accounting for DST status), autistic individuals 

demonstrate a range of characteristic alterations in cortical ERPs to pure tone stimuli, including prolonged 

P1/M50 latencies, prolonged M100 latencies, and reduced N1c amplitudes, and reduced N2 amplitudes 

(Williams, Abdelmessih, et al., 2021). The latency of ABR wave V has also been found to be robustly 

prolonged in autistic children when DST status is ignored (Miron et al., 2018; Talge et al., 2018), although this 

finding is likely not specific to autism (Talge et al., 2022). Importantly, despite DST being frequent in the 

autistic population, its point prevalence in most autistic samples is typically only about 40ï50% (Williams, 

Suzman, et al., 2021b). Thus, case-control differences between autistic and non-autistic individuals are not 

likely to isolate (or necessarily represent) the correlates of DST per se, which arguably are best analyzed by 

comparing autistic individuals with DST to those without. For example, ABR wave V latencies, despite being 

prolonged in autistic children on the whole, are reduced in autistic children with hyperacusis relative to those 

without the condition (Thabet & Zaghloul, 2013). Unfortunately, such investigations that factorially analyze 

autism and DST are relatively rare in the published literature (Mercati et al., 2017; Thabet & Zaghloul, 2013; 

U. S. Wilson et al., 2017). As such, it remains largely unclear the extent to which current autism-linked 

differences in electrophysiologic indices reflect the effects of autism, secondary DST disorders, or some 

combination of the two. Lastly, in addition to hyperacusis and misophonia, the third DST disorder of 

phonophobia (Henry et al., 2022; Jacquemin et al., 2024) has been insufficiently studied relative to other forms 

of DST, and no psychoacoustic or physiologic studies of have been conducted to interrogate the putative 

underpinnings of phonophobia in humans with DST of varying etiologies.   

The present study seeks to address these limitations of the extant literature and further our mechanistic 

understanding of DST, providing the first large-scale transdiagnostic electrophysiological investigation of a 

deeply-phenotyped cohort of autistic and non-autistic adults. The studyôs aims are threefold: (a) to determine 

the differential associations of hyperacusis, misophonia, and phonophobia with altered functioning of the 

auditory brainstem or cortex, as indexed by auditory brainstem responses (ABRs), auditory steady-state 
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responses (ASSRs), and cortical auditory event-related potentials (ERPs); (b) to investigate whether the 

correlates of any DST disorder differ according to autism status; and (c) to investigate the dimensional 

associations between electrophysiological indices and other related constructs such as psychoacoustic loudness 

growth and self-reported DST symptoms. 

As a consequence of enhanced central auditory gain, we hypothesized that individuals with 

hyperacusis (but not other forms of DST) in the present study would demonstrate (a) increased ABR wave V 

amplitudes, (b) reduced ABR wave V latencies, (c) increased ASSR power, (d) increased frontocentral N1 

[N1b] amplitudes, and (d) decreased N1b latencies compared to individuals without hyperacusis. Additionally, 

the slopes of all electrophysiological amplitude-intensity growth functions and latency-intensity growth 

functions (i.e., the within-person associations of each ABR/ASSR/N1b parameter with stimulus intensity) were 

hypothesized to be steeper in individuals with hyperacusis, serving as the neural correlates of the steepened 

psychoacoustic loudness function in this population. Thus, we also hypothesized that these measures would 

also correlate significantly with both psychoacoustic measures of loudness disturbance and self-reported 

hyperacusis symptoms in our dimensional analyses. With regard to misophonia, we did not hypothesize any 

specific alterations in amplitudes or latencies of ABR wave V or the N1b ERP. However, we did expect 

individuals with misophonia to demonstrate alterations in later ñcognitiveò potentials such as the P3a, with 

increased amplitudes of the P3a in response to trigger sounds relative to individuals without misophonia. 

Autism status was hypothesized to be related to (a) significantly prolonged ABR wave V latencies and (b) 

significantly reduced fixed-level ASSR power, irrespective of an individualôs DST status. Additional 

delineation of specific hypotheses can be found in the methods sections corresponding to each outcome 

measure.  

6.2 Methods 

6.2.1 Participants 

The participants in this study overlap almost completely with the sample outlined in Chapter 5. Of the 

119 individuals who participated in the experiments outlined in Chapter 5, 114 individuals (34 autistic, 80 non-

autistic) had usable data from one or more of the electrophysiologic tests in the study battery and were included 

in the current study, with one additional individual (30-year-old autistic female with clinical hyperacusis and 

misophonia) excluded from this particular study due to a history of frontal lobe epilepsy. Thus, the final sample 

included 33 autistic and 80 non-autistic adults. Inclusion criteria for the present study were the same as those 

in Chapter 5 and included: (a) age between 18ï60 years; (b) fluency in speaking and reading English; (c) being 

oneôs own legal guardian; (d) having a full-scale IQ greater than 70 per the Wechsler Abbreviated Scales of 

IntelligenceïSecond Edition (WASI-II; Wechsler, 2011); and (e) having pure tone audiometric thresholds Ò 25 
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dB hearing level (HL) at 500 Hz, 1000 Hz, and 2000 Hz bilaterally, as assessed using standard air conduction 

testing (modified Hughson-Westlake procedure; American Speech-Language-Hearing Association, 2005). 

Participants were excluded from the study if they: (a) reported an active psychotic disorder (within the past 12 

months) or were found to meet the criteria for such a disorder in this timeframe using the Diagnostic 

Assessment Research Tool (DART; Schneider et al., 2022); (b) demonstrated an active alcohol or substance 

use disorder (within the past 12 months), as operationalized by a positive screen on the Alcohol Use Disorder 

Identification Test (AUDIT; Saunders et al., 1993) or Drug Abuse Screening Testï10 (DAST-10; Cocco & 

Carey, 1998), or met criteria for one of these diagnoses as assessed using the DART; (c) reported an intellectual 

disability diagnosis or did not meet the study IQ criteria on the WASI-II; or (d) demonstrated clinically 

significant outer/middle ear pathology (i.e., evidence of gross abnormalities on otoscopic examination 

[including inability to visualize the tympanic membrane due to excessive cerumen] or a type B or C 

tympanogram combined with an air conduction threshold of >25 dB HL at any frequency between 250ï8000 

Hz in the affected ear). All participants were free of epilepsy or seizure disorders. Psychotropic and centrally-

active medications were allowed for all participants, provided that these medications and dosages remained 

stable for at least 30 days prior to study visits. This study was approved by the institutional review board at 

Vanderbilt University Medical Center, and all participants provided written informed consent before starting 

the study. All procedures were performed in accordance with the ethical principles outlined in the Declaration 

of Helsinki and its later amendments. 

6.2.2 Overall Procedure 

A thorough description of the overall study procedure can be found in Chapter 5. In brief, participants 

first completed a series of online questionnaires covering topics of demographics, medical and psychiatric 

history, DST symptoms, and other aspects of physical and mental health. They then completed 2ï3 in-person 

visits to our laboratory consisting of clinical characterization, audiological and psychoacoustic testing, 

assessments of peripheral auditory physiology, and the electrophysiologic measures that will be the focus of 

the current chapter (click-evoked ABRs, 40-Hz ASSRs, and cortical ERPs). A more detailed description of 

each task can be found in the corresponding sections below. Participants took approximately 1ï2 hours to 

complete the online surveys and 7ï12 hours to complete the laboratory sessions. Each individual was 

compensated $20 per hour for their time in the laboratory, plus an additional $25 for participating. 

6.2.3 Clinical Measures 

6.2.3.1 Psychological Characterization 

A more thorough description of the psychological characterization procedures for this study is 

available in Chapter 5. In brief, participants completed the Wechsler Abbreviated Scale of Intelligence-II 
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(WASI-II; Wechsler, 2011) as a measure of general cognitive ability, and separate verbal IQ (VIQ) and 

performance IQ (PIQ) standard scores (M=100, SD=15) from the WASI-II were utilized in our analyses. We 

also administered the Receptive One-word Picture Vocabulary Test-4 (ROWPVT-4; Martin & Brownell, 

2011b) and Expressive One-word Picture Vocabulary Test-4 (EOWPVT-4; Martin & Brownell, 2011a), and 

standard scores on these measures were used to characterize individual differences in receptive and expressive 

vocabulary, respectively. Co-occurring psychopathology was assessed using the Diagnostic Assessment 

Research Tool, version 4.0 (DART; Schneider et al., 2022), and all autistic participants (as well as those with 

suspicion of autism at study entry or based on the judgment of the clinical team) received an autism diagnostic 

evaluation that included research-reliable administration of the Autism Diagnostic Observation Scheduleï

Second Edition, Module 4 (ADOS-2; Lord et al., 2012) by a clinical psychologist specializing in the assessment 

of neurodevelopmental disabilities across the lifespan. A final psychiatric diagnostic formulation was assigned 

to each participant by the first author, based on the participantôs reported history and results of the DART-

based psychiatric interview.  

We derived several indices from these clinical measures to include as covariates in our regression 

models. A ñLanguage Compositeò score was formed from the WASI-II VIQ, ROWPVT-4, and EOWPVT-4 

standard scores using principal component analysis, with component scores on the first (unrotated) principal 

component being used to operationalize this variable within the sample. We used the WASI-II PIQ standard 

score in regression analyses as a measure of nonverbal cognitive ability. We further calculated the number of 

psychiatric/neurodevelopmental diagnoses for which each individual met criteria based on the full clinical 

evaluation (including all DART-based diagnoses, chronic tic disorders, and autism; [Mdn=3, IQR=[1,4], range 

0ï9]). All other non-DST characterization variables were solely reported for description of sample 

characteristics. 

6.2.3.2 Diagnostic Interview for Sound Sensitivity Syndromes (DISSS) 

As previously described in Chapter 5, the Diagnostic Interview for Sound Sensitivity Syndromes is a 

modular semi-structured clinical interview for DST disorders (i.e., hyperacusis [including loudness and pain 

subtypes], misophonia, and phonophobia) created by our research team to assess operational diagnostic criteria 

for each of the conditions (Williams, 2022) in research and clinical practice. Formal psychometric validation 

of this measure is currently in progress. The DISSS was used in the present study to make ñclinical best estimate 

diagnosesò of these four DST conditions according to the same sets of operational criteria that were used in 

Chapters 4 and 5 (see Supplemental Tables 4.6ï4.9 for full criteria and operationalization). In the present study, 

the DISSS was used to classify all individuals as either ñclinical,ò ñsubclinical,ò or ñno disorderò for three DST 

categories: (a) hyperacusis (representing either loudness hyperacusis or pain hyperacusis), (b) misophonia, and 
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(c) phonophobia. These classifications were the same as those used in Chapter 5, and more information on this 

process can be found in that section. Each DISSS-derived variable (hyperacusis status, misophonia status, 

phonophobia status) was treated as a separate ordinal predictor (Bürkner & Charpentier, 2020) with three levels 

(ñno disorderò < ñsubclinicalò < ñclinicalò) in all regression models.   

6.2.3.3 Multidimensional Inventory of Sound Tolerance in Adults (MIST-A) 

The Multidimensional Inventory of Sound Tolerance in Adults (MIST-A; Williams, Cascio, et al., 

2021) is a 26-item self-report questionnaire designed by our research group to dimensionally assess four 

dimensions of DST symptomatology (hyperacusis, misophonia, pain, and fear) and screen for associated 

categorical DST disorders (i.e., hyperacusis, misophonia, pain hyperacusis, and phonophobia, respectively). 

Despite being a newly developed measure, our team has carried out a rigorous initial psychometric validation 

of the MIST-A, including a total of 2807 adults (626 autistic), 115 of whom were drawn from the current 

laboratory sample (see Chapter 3 for full details). This study empirically derived the four-dimensional structure 

of the measure, demonstrated strong single-test and test-retest reliabilities for all subscales, and ensured that 

all the MIST-A items remaining in the scale were equivalent (i.e., unbiased) across demographic and clinical 

groups (including between autistic and non-autistic adults). The MIST-A is scored using item response theory, 

and an online scoring tool (https://asdmeasures.shinyapps.io/MISTA_score/) was utilized to generate model-

based (expected a posteriori) T-scores (M=50, SD=10 in the general population) and empirical single-subject 

reliability values (rxx) for each of the four subscales used in the current study.  

Each participant completed the MIST-A as a part of their online questionnaire battery, and 94 of the 

participants completed the measure a second time during their first in-person visit to the laboratory. Scores 

from one administration of the MIST-A (the closest in time to the first laboratory visit available for each 

participant) were utilized in the present study, and T-scores from each subscale were used as dimensional 

measures of each domain of DST symptoms. The MIST-A subscales demonstrated acceptable marginal 

reliabilities in the current laboratory sample (Hyperacusis: rxx=.850, Misophonia: rxx=.827, Pain: rxx=.720, Fear: 

rxx=.687), although the Fear scale had a reliability point estimate that was somewhat lower than desired (median 

Fear rxx=.771, IQR [.645, .789]).  

6.2.3.4 Categorical Loudness Scaling 

Participants completed an adaptive categorical loudness scaling task (Brand & Hohmann, 2002; 

Rasetshwane et al., 2015) described in-depth in Chapter 5, with individualsô sound ratings converted from 

categorical units (CU) to sones (CUSone) using the table published by Heeren et al. (2013) and subsequently fit 

to a person-specific loudness growth function [log(CUSone) regressed on median SPL of stimuli given that 

rating]. This function was used to derive individualized loudness levels corresponding to ñSoftò (15 CU), 

https://asdmeasures.shinyapps.io/MISTA_score/
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ñMediumò (25 CU), and ñLoudò (35 CU) ratings for each stimulus that were incorporated into each of the 

electrophysiologic tasks (ABRs, ASSRs, and cortical ERPs). The CLS-based loudness growth slopes for the 

four tone stimuli (500 Hz pure tone, 2000 Hz pure tone, 500 Hz amplitude modulated (AM) tone, 2000 Hz AM 

tone), derived post-hoc using Bayesian hierarchical models (see section 5.6.1 for additional detail on 

calculation), were averaged together in the current study to provide an overall index of psychoacoustic loudness 

growth that was used in correlation analyses.  

6.2.4 Electrophysiology 

6.2.4.1 Auditory Brainstem Responses 

Auditory brainstem responses (ABRs) were elicited using four different levels of 100 µs binaural click 

stimuli presented in rarefaction polarity at a rate of 27.7 clicks/s. The levels presented included a fixed level of 

90 dB peSPL (presented to all participants who were able to tolerate it), as well as participant-specific ñSoftò 

(M=68.35, SD=7.90 dB peSPL), ñMediumò (M=84.04, SD=10.28 dB peSPL), and ñLoudò (M=92.51, 

SD=12.26 dB peSPL) levels derived from the estimated levels of the CLS-derived click loudness-intensity 

function. All ABR data were acquired using an Intelligent Hearing Systems Universal Smart Box (USB; 

Intelligent Hearing Systems, Miami, FL, USA) and SmartEP software (Intelligent Hearing Systems, Miami, 

FL, USA) coupled to ER-3A insert earphones inside a sound-treated booth. Clicks were delivered in blocks of 

2000 trials (two at each level; i.e., in a ñtestò and ñretestò block) while the participant laid supine with their 

eyes closed. Participants were allowed to sleep during recordings, although whether or not this occurred during 

a given trial was not systematically monitored.  

ABRs were recorded using 10 mm gold surface disc electrodes and a two-channel montage (Channel 

A: Cz to A1; Channel B: Cz to A2; ground: Fpz, using international 10ï20 system electrode position references). 

Electrode impedances were maintained below 5 kW throughout the duration of testing. 

Electroencephalographic (EEG) activity was sampled at 40,000 Hz, amplified 100,000 times using the USBôs 

built-in amplifier, high-pass filtered at 30 Hz (4th order Butterworth, -6dB/Oct), low-pass filtered at 300 Hz (4th 

order Butterworth, -6 dB/Oct) and notch filtered at 60 Hz (two-pole, -12 dB/Oct). A 25.575 ms total window, 

including 13.675 ms of pre-stimulus activity, was used for analyses. Artifact rejection limits were set to 31% 

of the baseline voltage range (±15.5 µV), and channel-specific ABR tracings for a given block were computed 

as the unweighted average of all non-artifact-containing trials within that block (M=1955.11, SD=208.22). 

Tracings from Channels A and B were then averaged to compute an overall single-subject ABR tracing for a 

specific block.  

Each block-specific ABR tracing was detrended, and the latency of ABR Wave V was selected using 

an automated peak-picking algorithm designed by and optimized for this dataset by the first author (see 
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Supplemental Methods section 6.6.1 for more detail). The adaptive mean amplitude of ABR Wave V was 

defined as the mean amplitude in a 0.2 ms region centered on the peak latency of ABR Wave V (i.e., peak 

latencyÑ0.1 ms) after Winsorization of all voltage values Ó3 median absolute deviations lower than the peak 

amplitude value in the region; this adaptive mean amplitude was further baseline corrected by subtracting the 

voltage value at 0 ms post-stimulus. These parameters were chosen based on a small-scale multiverse analysis 

(Clayson, 2024) of the first 42 participants, in which the various ABR analysis choices were varied to optimize 

the test-retest reliability of the peak latency and amplitude values. In the full sample, both ABR Wave V 

latencies (ICC(A,2)=.973, CI95% [.968, .978]) and Wave V amplitudes (ICC(A,2)=.878, CI95% [.847, .902]) 

demonstrated strong reliabilities for the mean of test and retest measurements. Both ABR Wave V amplitudes 

and latencies (examined at the fixed level of 90 dB peSPL for consistency across participants) were utilized as 

dependent variables in the present study.  

Additionally, to quantify two putative electrophysiological correlates of loudness/intensity growth, 

we calculated ABR Wave V amplitude-intensity growth slopes and ABR Wave V latency-intensity growth 

slopes, defined as the within-subject linear association between ABR amplitude or latency and stimulus 

presentation level in peSPL (scaled by a factor of 100 for amplitude slope and 10 for latency slope). Both 

growth slopes were utilized as dependent variables in our analyses. As with the CLS growth slopes, these 

metrics were calculated using Bayesian hierarchical regression models (see Supplemental Methods section 

6.6.2 for additional details). Notably, ABR Wave V amplitude and latency growth slopes had opposite signs, 

such that more positive amplitude growth slopes indicated ñsteeperò loudness/intensity growth function, 

whereas more negative latency growth slopes indicated ñsteeperò loudness/intensity growth functions due to 

the inversion of the latency-intensity function compared to the amplitude-intensity function.  

As previously noted, we hypothesized that individuals with hyperacusis (but not other forms of DST) 

would demonstrate increased amplitudes and reduced latencies of ABR wave V at a fixed level, as well as 

steeper ABR amplitude-intensity and latency-intensity growth slopes, compared to individuals without 

hyperacusis. We also predicted that ABR wave V latencies would be delayed in autistic individuals, based on 

the results of previous meta-analyses (Miron et al., 2018; Talge et al., 2018). ABR wave V parameters were 

hypothesized to be equivalent between groups based on misophonia and phonophobia status.  

6.2.4.2 Auditory Steady-state Responses 

Auditory steady-state responses (ASSRs) were elicited using repeated binaural tone stimuli consisting 

of a 2000 Hz carrier modulated at 40 Hz (1s duration; 100% modulation depth; 20-ms rise and fall time), an 

identical stimulus to that used in the CLS task. The levels presented included a fixed level of 60 dB SPL 

(presented to all participants), as well as participant-specific ñSoftò (M=62.47, SD=8.35 dB SPL), ñMediumò 
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(M=80.40, SD=10.07 dB SPL), and ñLoudò (M=90.75, SD=10.90 dB SPL) levels derived from the estimated 

levels of the CLS-derived 2000 Hz AM tone loudness-intensity function. ASSR data were acquired using the 

same Intelligent Hearing Systems Universal Smart Box that delivered the ABR clicks (in this case running 

SmartEP-ASSR software; Intelligent Hearing Systems, Miami, FL, USA), coupled to ER-3A insert earphones 

inside a sound-treated booth. The recording electrodes and electrode montage were the same as used for the 

ABR recording. ASSR stimuli were delivered in four blocks of up to 400 stimuli (one block per level) while 

the participant sat upright or partially reclined in a comfortable chair and watched a television program of their 

choosing (silent with subtitles activated). An ASSR recording block was terminated before 400 trials if the 

residual noise of both channels A and B fell below 0.7 µV after any interval of 20 trials.  

Continuous EEG activity for ASSRs was recorded at 1000 Hz using the same electrodes, amplifier, 

online filters, and channel montage employed for ABR recordings. Electrode impedances were maintained 

below 5 kW throughout the duration of testing. EEG activity was amplified 100,000 times, amplified 100,000 

times using the USBôs built-in amplifier, high-pass filtered at 30 Hz (4th order Butterworth, -6dB/Oct), and 

low-pass filtered at 300 Hz (4th order Butterworth, -6 dB/Oct). Artifact rejection limits were set to 31%, and 

channel-specific ASSR tracings for a given block were computed as the unweighted average of all non-artifact-

containing trials within that block (M=334.69, SD=72.18). For each tracing, we computed the amplitude of the 

40 Hz ASSR by (a) using a fast Fourier transform (Duhamel & Vetterli, 1990) to convert the time-frequency 

data to the frequency domain, (b) interpolating the ASSR power values between frequencies of 38ï42 Hz with 

a step size of 0.05 Hz (using equation 4 from Lyons, 2018), and (c) calculating the robust mean power in the 

38ï42 Hz region by taking the mean of all interpolated voltage values after Winsorization of all values Ó3 

median absolute deviations lower than the peak power value in the region. Processing parameters were again 

drawn from a small-scale multiverse study using the first 44 participants and maximizing test-retest reliability 

in the subset of these participants who completed two blocks of ASSR recordings Ò1 dB SPL apart (in all cases 

the fixed level and one of the variable levels). Notably, the peak power was found at a mean frequency of 39.97 

Hz, suggesting that neuronal populations did entrain to the modulation frequency, as expected. ASSR power at 

the fixed level of 60 dB SPL (calculated for each channel independently) was used as a dependent variable in 

our analyses, and an ASSR power-intensity growth slope similar to the ABR Wave V amplitude-intensity 

growth slope was also calculated using a Bayesian hierarchical model (see Supplemental Methods section 6.6.2 

for more details) as a putative neural index of loudness growth (Van Eeckhoutte et al., 2016, 2018). Notably, 

the inter-channel reliability of mean ASSR amplitudes calculated using this method was extremely high 

(ICC(A,2)=.964, CI95% [.954, .971]).  

Due to their enhanced loudness perception, we hypothesized that individuals with hyperacusis (but 

not other forms of DST) would demonstrate increased ASSR power at a fixed level, as well as steeper ASSR-
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intensity growth slopes, compared to individuals without hyperacusis. Notably, several previous studies found 

reduced 40 Hz ASSR power in autistic individuals relative to non-autistic controls (Arutiunian et al., 2023; 

Seymour et al., 2020; T. W. Wilson et al., 2007), although this finding has not always been replicated 

consistently (Ahlfors et al., 2023; Edgar et al., 2016; Ono et al., 2020; Stroganova et al., 2020). We therefore 

hypothesized that ASSR power at a fixed level (but not ASSR growth slope) would be reduced in autistic 

individuals in our sample. Several previous studies have also found individuals with chronic idiopathic tinnitus 

have enhanced 40 Hz ASSR power (Diesch et al., 2004, 2010; Ghasemahmad et al., 2024; Wienbruch et al., 

2006), and although we did not have an a priori hypothesis on the association of tinnitus and ASSRs, it is 

plausible that these previous findings could either reflect the confounding effects of unmeasured hyperacusis 

or a separate tinnitus-specific effect. Both ASSR outcomes were predicted to be equivalent between groups 

based on misophonia and phonophobia status.  

6.2.4.3 Cortical Event-related Potentials 

6.2.4.3.1 Auditory Oddball Task  

A novel passive auditory oddball task was programmed in PsychoPy3 (Peirce et al., 2022) by the first 

author to assess event-related potential parameters relevant to both hyperacusis and misophonia simultaneously 

using EEG. In this task, participants sat upright in an electrically-shielded and sound-treated room and watched 

a silent (subtitled) television program of their choosing (often a continuation of the same program watched 

during ASSR recordings) while various sound stimuli played binaurally through ER-3A insert earphones. No 

response to any stimulus was required, and participants were instructed to ignore the stimuli to the best of their 

ability and enjoy their show.  

The oddball paradigm consisted of eight blocks, each with a standard stimulus (i.e., a 500 Hz or 2000 

Hz pure tone; 80% frequency) and a deviant stimulus (i.e., chewing or a white noise stimulus that was amplitude 

modulated at 3 Hz [to provide an envelope that was somewhat similar to the chewing sound without triggering 

individuals with misophonia]). All stimuli were one second in duration with 20-ms rise and fall time, and all 

deviants were presented at a level of 60 dB SPL through ER-3A insert earphones. Standards were presented at 

four equiprobable levels within each block (20% fixed level [60 dB SPL], 20% ñSoft,ò 20% ñMedium,ò and 

20% ñLoudò), with the ñSoftò (500 Hz: M=57.57, SD=8.11 dB SPL; 2000 Hz: M=59.39, SD=8.31 dB SPL), 

ñMediumò (500 Hz: M=76.73, SD=9.53 dB SPL; 2000 Hz: M=77.65, SD=10.14 dB SPL), and ñLoudò (500 

Hz: M=87.16, SD=10.97 dB SPL; 2000 Hz: M=87.53, SD=12.25 dB SPL) levels derived from the estimated 

levels of the CLS-derived 500 Hz and 2000 Hz tone loudness-intensity functions, based on their frequency. A 

700ï1300 ms uniformly jittered interstimulus interval followed each standard or deviant. In total, the oddball 

task included eight blocks, two of each standard-deviant pair (i.e., 500 Hz Standard + Chewing Deviant × 2; 
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500 Hz Standard + White Noise Deviant × 2; 2000 Hz Standard + Chewing Deviant × 2; and 2000 Hz Standard 

+ White Noise Deviant × 2), which were pseudo-randomized such that one of each block would occur before 

any were repeated. The full task lasted approximately 34 minutes. Participants had the option to pause the task 

if desired (and were encouraged to do so if becoming particularly agitated by the sounds); however, the vast 

majority of participants did not pause the task at all, and systematic data were not taken on the participants who 

did pause or how many times this occurred.     

6.2.4.3.2 EEG Data Acquisition and Processing 

EEG data were acquired without online filters during the auditory oddball task at 1000 Hz using a 

128-channel HydroCel Geodesic Sensor Net (Magstim EGI, Eugene, OR, USA). Electrode impedances were 

brought to 50 kW or below for all functional channels prior to the start of testing. All electrodes were referred 

to Cz during recording and later re-referenced offline to an average reference. Data were recorded using 

NetStation 5.4 software and a NetAmps 400 amplifier. PsychoPy (version 2022.1) was used to present the 

stimuli and send events to NetStation.  

EEG data were processed in MATLAB (version R2023b) using the EEGLAB (Delorme & Makeig, 

2004) and ERPLAB (Lopez-Calderon & Luck, 2014) toolboxes. Continuous EEG data were downsampled to 

250 Hz and pre-processed using the Automagic EEG processing pipeline (Pedroni et al., 2019) and the preset 

processing specifications (i.e., exclusion of channels 48, 49, 56, 63, 68, 73, 81, 88, 94, 99, 107, 113, and 119 

prior to pre-processing) for a 128-channel HydrocCel Geodesic Sensor Net.. Full specifications of this pipeline 

can be found in Supplemental Table 6.5. In brief, this pipeline first ran the data through the PREP pipeline 

(Bigdely-Shamlo et al., 2015), subsequently utilizing additional variance-based criteria to detect bad channels 

(afterwards interpolated using spherical splines; Perrin et al., 1989). A temporary high-pass filter with a 2 Hz 

cutoff was applied, and independent component analysis was conducted that utilized ICLabel (Pion-Tonachini 

et al., 2019) to classify all observed components by potential source, and components with a high (Ó80%) 

chance of non-brain source were excluded. The remaining independent components were reassembled into 

continuous EEG (now without the temporary high-pass filter or interpolated channels), and additional filtering 

was undertaken using a 0.1 Hz high-pass filter and 30 Hz low-pass filter (both Hamming windowed sinc finite 

impulse response filters implemented in EEGLAB), as well as removal of 60 Hz line noise with the ZapLine 

method (de Cheveigné, 2020). Spherical spline interpolation was used once again to interpolate bad channels. 

Following pre-processing, each file was re-referenced to the average of all included channels, baseline 

corrected using the average microvolt value in the -300ï0 ms pre-stimulus interval, and segmented into epochs 

of -300 ms pre-stimulus to 1000 ms post-stimulus. Additional epoch-level artifact detection was performed 

using ERPLAB-based techniques (absolute amplitude threshold, moving window peak-to-peak threshold, step 
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function, flat line; Luck, 2022; see Supplemental Methods section 6.6.4 for full description and artifact 

detection parameters), and individuals with fewer than 20 epochs (20% data) retained in any of the 10 trial 

conditions (500 Hz or 2000 Hz tones at 4 levels, Chewing, White Noise) were excluded from further ERP 

analyses (n=9). Artifact-free epochs in each block (M=56.90, SD=16.07; range of single-subject average 

retained trials per block: 26.70ï88.70) were averaged for each channel separately, and the resulting single-

subject average tracings for each cell (channel by condition) were fed forward into subsequent analyses. 

6.2.4.3.3 Temporospatial Exploratory Factor Analysis 

 To further decompose the data into its underlying ERPs while leveraging the high-density 

electrode array, we conducted a temporospatial exploratory factor analysis (EFA), a more general case of 

(temporospatial) principal component analysis (PCA; Dien, 2012; Scharf et al., 2022), which is frequently used 

as a data-reduction technique in the event-related potential literature. Notably, EFA models differ from PCA 

models only by the addition of an error variance term, and thus, given the high communalities often seen in 

ERP data, differences between EFA and PCA models with similar specifications are frequently (but not always) 

minimal (Scharf & Nestler, 2019). EFA was thus preferred over PCA to allow for additional statistical 

flexibility and for its theoretical alignment with the concept of unobserved latent variables (i.e., ERP 

components) underlying observed data (Borsboom, 2006). EFA was conducted using a two-step procedure 

consisting of an initial temporal EFA (tEFA) step utilizing promax rotation (ə=3; Hendrickson & White, 1964) 

followed by a subsequent spatial EFA (sEFA) step utilizing infomax rotation (Bell & Sejnowski, 1995).  

This order of temporal and then spatial EFAs and chosen rotation criteria were based on prior 

empirical simulation work (Dien, 2010) demonstrating improved localization and accuracy of the temporal-

before-spatial ordering and specific rotations chosen for simulated components similar to the ones assessed in 

the present study [N1, P2, P3] (see also Scharf & Nestler, 2019). Moreover, utilization of a temporospatial 

rather than a spatiotemporal EFA allows for ERP components with similar time courses but different spatial 

distributions to be more easily de-convoluted. This is particularly of interest in the auditory domain with regard 

to the N1 component of the auditory ERP, which is composed of several different subcomponents with 

putatively different generators (Näätänen & Picton, 1987; Woods, 1995). Thus, any given N1 component 

derived from temporospatial EFA is less likely to be conflated with other similar N1 subcomponents than if 

derived from spatiotemporal EFA. Similar temporospatial PCA-based techniques have also been used 

successfully to study different N1 subcomponents in non-clinical populations (Silva et al., 2020). 

The two-step temporospatial EFA was implemented in the R statistical computing environment (R 

Core Team, 2023), using custom scripts based off of the code provided by Scharf et al. (2022). In the first step, 

data from all timepoints for each combination of participant, study condition, and channel were subjected to 
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covariance-based EFA with ordinary-least-squares extraction and promax rotation (ə=3; Hendrickson & White, 

1964). The number of factors extracted in this step was selected using covariance-based parallel analysis (Horn, 

1965) with 500 replications. Regression-based (oblique) factor scores from the first EFA were then extracted 

and subjected to a second EFA, in which data from all channels for each combination of participant, study 

condition, and (tEFA) factor score were subjected to covariance-based EFA with ordinary-least-squares 

extraction, infomax rotation (Bell & Sejnowski, 1995), and the number of factors chosen by covariance-based 

parallel analysis. Factors were normalized by their standard deviation before the rotation step of both the tEFA 

and sEFA, before being un-normalized after rotation.  

6.2.4.3.4 ERP Outcome Definitions 

After computation of the temporospatial EFA, we identified temporal and spatial latent factors that 

were consistent with the ERPs we sought to analyze in the current study (i.e., frontocentral N1 [N1b] and P3a). 

A late positive slow wave (PSW) component (Dien et al., 2004; Squires et al., 1975), maximal over parietal 

leads and possibly akin to the (early portion of the) late positive potential (Brown & Cavanagh, 2017) was also 

identified as the largest source of variance in temporal data, and given the potential relevance of this component 

to affective sound processing (Vormbrock et al., 2024), we opted to include it as an outcome in our analyses 

as well. Although we did not have a priori hypotheses about this componentôs associations with misophonia 

before beginning our analyses, it is notable that the putative generators of the LPP/PSW include the amygdala, 

orbitofrontal cortices, and insula (Y. Liu et al., 2012), brain regions that have been implicated in misophonia 

(Neacsiu et al., 2022) and are thought to be hyperactive in response to triggering percepts per the action-

perception theory of misophonia (Berger et al., 2023).  

The sEFA pattern matrix was first examined, and each of the ñvirtual electrodesò was matched to an 

approximate scalp topography based on the pattern of electrodes with loadings greater than 0.40 (Supplemental 

Figure 6.5). The tEFA latent factor(s) representing each ERP component of interest (N1b, P3a, and PSW) were 

then identified from the plot of temporal factor loadings based on peak loading and morphology (Supplemental 

Figure 6.6). These were then confirmed to be maximal in the expected scalp regions (frontocentral for N1b/P3a; 

temporoparietal [three virtual electrodes] for PSW), and putative P3a/PSW components were tested for 

significant condition differences (standard vs. deviant) using hierarchical linear models of the factor scores. 

Utilizing the ñfrontocentralò virtual electrode (with highest loadings of electrodes at the vertex) for N1b/P3a 

calculation and the three ñtemporoparietalò virtual electrodes (a midline electrode cluster with highest loadings 

of midline parietal electrodes surrounding Pz, and two lateral clusters with highest loadings to the left and right 

of this cluster; Supplemental Figure 6.6) to compute the PSW, we reconstructed ERPs in (virtual) sensor space 

based on their factor scores and the projected voltage at each timepoint at the virtual electrode (Scharf et al., 
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2022).  

We sought to determine a time window for each peak of interest by examining the single-subject 

tracings and selecting a window that would capture the peak in all cases. Time windows for the peaks selected 

using this method were 40ï160 ms for the N1b, 260ï480 ms for the P3a, and 500ï1000 ms for the PSW. 

Amplitudes of the P3a and PSW were calculated as the mean of all voltages in the time window, whereas the 

N1b amplitude was defined using an adaptive mean procedure (i.e., the peak latency was determined as the 

latency of the most negative local minimum [based on second derivatives] in N1b the region of interest, and 

the mean amplitude at the peak latency ±20 ms was calculated). Dependent variables used in the analyses 

included (a) N1b adaptive mean amplitudes (for each tone condition separately), (b) N1b peak latencies (for 

each tone condition separately), (c) P3a amplitudes (for all tone conditions combined, white noise, and chewing 

conditions), and (d) PSW amplitudes (for all tone conditions combined, white noise, and chewing conditions). 

We additionally calculated N1b amplitude-intensity and latency-intensity growth slopes using Bayesian 

hierarchical regression models (see Supplemental Methods section 6.6.2 for additional details) as putative 

neural indices of loudness growth. Notably, the sign of the N1b amplitude-intensity growth slope was inverted 

for consistency with the analogous ABR Wave V growth slope.  

Due to their enhanced loudness perception, we hypothesized that individuals with hyperacusis (but 

not other forms of DST) would demonstrate increased (i.e., more negative) amplitudes and reduced N1b 

component latencies at a fixed level, as well as steeper N1b amplitude-intensity and latency-intensity growth 

slopes, compared to individuals without hyperacusis. Given the inconsistent meta-analytic findings for the N1b 

ERP in autistic individuals across studies (Williams, Abdelmessih, et al., 2021), we did not have any a priori 

hypotheses regarding effects of autism on N1b amplitude or latency in the current sample. All N1b parameters 

were hypothesized to be equivalent between groups based on misophonia and phonophobia status. 

Alternatively, P3a ERP amplitudes were predicted to demonstrate a significant main effect of condition (driven 

by differences between both deviant conditions and the standard [tone] condition), as well as a significant 

misophonia × Chewing condition interaction (with or without an additional main effect of misophonia and/or 

misophonia Ĭ White noise condition interaction). This latter effect of enhanced salience of ñtriggerò stimuli in 

the misophonia group was hypothesized due to previous experimental work on misophonia associated 

differences in alerting attention (Frank et al., 2020; Zumbrunn et al., 2023), as well as the fact that unpleasant 

sounds tend to induce larger P3a amplitudes for all people (Thierry & Roberts, 2007). Based on meta-analytic 

evidence (Cui et al., 2017), we hypothesized that P3a amplitudes would be equivalent between autistic and 

non-autistic individuals independent of DST status, and we further predicted that main effects of hyperacusis 

and phonophobia would also be equivalent to zero. Lastly, the analyses of the PSW were conducted in a purely 

exploratory manner, as no hypotheses were formulated at the time that data analyses had begun. Nevertheless, 
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this componentôs putative generators and its role in affective processing and salience (Hajcak & Foti, 2020) 

indicate that it would be more likely to associate with misophonia (or even phonophobia) than hyperacusis.  

6.2.5 Data Analysis 

Comparable descriptive statistics were reported to the sample in Chapter 5, both on the full sample of 

113 and the subsample with usable ERP data (n=101). We did not repeat analyses examining the degree to 

which DST disorders and autism status predicted clinical variables.  

6.2.5.1 Analysis of Group Differences 

All group differences in electrophysiologic outcomes were analyzed using Bayesian hierarchical 

regression models similar to those reported in Chapter 5, in which the outcome of interest was regressed on (a) 

a set of fixed covariates (age, sex at birth [binary], language composite, WASI-II PIQ , and number of 

psychiatric/neurodevelopmental diagnoses [monotonic]), (b) autism status (binary), (c) the presence of chronic 

tinnitus (assessed using the DISSS and defined as tinnitus that is perceived at least weekly [binary]), (d) DST 

status (hyperacusis, misophonia, and phonophobia) derived from the DISSS (three-level monotonic variables; 

Bürkner & Charpentier, 2020), and (e) additional outcome-specific covariates that varied according to the 

model (e.g., experimental condition for P3a amplitude or tone frequency for N1b amplitude; see Supplemental 

Table 6.6 for full model specification). Interaction terms (primarily autism × DST status, as well as additional 

interactions of group status and condition variables) were added to the models as needed to test additional 

ancillary hypotheses. Only one autism × DST interaction was tested for the majority of models, with the 

interaction term chosen a priori based on prior literature suggesting a possible association between that 

outcome and a certain form of DST (autism × hyperacusis was chosen for all models except P3a amplitude [for 

which autism × misophonia was chosen], PSW amplitude [for which autism × misophonia was chosen], and 

ABR wave V latency [for which the autism × misophonia term was examined post-hoc in addition to autism × 

hyperacusis due to the pattern of significant main effects]). There were three primary goals of these models: 

(a) to determine whether individuals with and without DST disorders exhibit different scores on these measures 

(DST group effects), (b) to determine whether autistic and non-autistic individuals exhibit different scores on 

these measures, independently of DST status (autism group effects), and (c) to determine whether autistic and 

non-autistic individuals with DST exhibit different scores on these measures (autism by DST interaction 

effects), each corresponding to specific focal parameters within the models. Monotonic effects for DST groups 

(and their priors) were parameterized such that a one-unit change indicated the difference between clinically 

significant DST and no DST, and all continuous variables were standardized (M=0, SD=1 in the sample) prior 

to fitting.   

These models were fit in a flexible Bayesian framework using the brms R package (Bürkner, 2017), 
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with student-t likelihoods employed to increase the modelsô robustness to outliers (Fonseca et al., 2008). Priors, 

Markov chain Monte Carlo (MCMC) specifications, and Bayesian indices used to judge effect significance 

were the same as those used in Chapter 5. bStd values were tested for significance using a point null hypothesis 

of 0 and a region of practical equivalence (ROPE; Kruschke, 2018) of [-0.1, 0.1]. Probability of direction (Pd) 

values >.975 indicated a statistically significant effect. Additionally, values of the ROPE Bayes factor (BFROPE) 

>3 indicated an effect that was practically significant, values of BFROPE < 1/3 indicated statistically equivalent 

parameters, and values between 1/3 and 3 indicated weak and inconclusive evidence for one hypothesis over 

the other based on standard guidelines (Wagenmakers et al., 2011). The posterior probability of an effect 

exceeding the ROPE (P>ROPE; i.e., the probability of a ñpractically significantò effect) was also estimated to 

contextualize the significance of each effect further. As mentioned previously, although we continue to 

categorize effects as ñsignificantò or ñnot significantò out of necessity in the current study, we also view these 

categorizations as less rigid than many other researchers, with a greater effort made to holistically evaluate 

statistical evidence from multiple indices (including the full posterior distribution of effect sizes) and the 

concordance of an effectôs size and magnitude with prior literature rather than simply judging an effectôs 

meaningfulness based on a single arbitrary dichotomization of evidence . 

6.2.5.2 Correlation Analysis 

In order to analyze the associations between the various electrophysiologic outcomes of interest, self-

reported DST symptoms, and psychoacoustic measures of loudness tolerance across diagnostic groups, we 

conducted a dimensional analysis using Bayesian bootstrapped correlations (Rodriguez & Williams, 2022). A 

correlation matrix of Gaussian rank correlations (Boudt et al., 2012) was constructed that included: (a) all 

MIST-A T-scores; (b) mean loudness discomfort level [LDL], averaged across ear (see Chapter 5 for 

acquisition procedure and calculation); (c) mean CLS-derived loudness growth slope (averaged across the four 

tone stimuli); (d) fixed-level ABR wave V amplitude and latency (averaged across test and retest trials); (e) 

ABR wave V amplitude and latency growth slopes; (f) fixed-level ASSR power (averaged across channels); 

(g) ASSR growth slope; (h) fixed-level N1b amplitude and latency to standard stimuli (averaged across 

frequency conditions); (i) N1b amplitude and latency growth slopes (averaged across frequency conditions); 

(j) P3a amplitudes for White noise and Chewing conditions (separately); and (k) PSW amplitudes for White 

noise and Chewing conditions (separately). The full correlation matrix was calculated using Bayesian 

bootstrapping (5,000 resamples), using the method described by Rodriguez and Williams (2022), implemented 

by the first author in the cor.bayesboot function within ZPack.Bayes (Williams, 2024). Posterior mean 

correlations were used as point estimates, with 95% highest-density credible intervals (CrIs) used to 

characterized uncertainty. The Pd (based on rGR=0) was used to quantify significance, and values of Pd>.975 
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were considered statistically significant. Although these analyses were primarily exploratory, we hypothesized 

that there would be some level of convergence between the hyperacusis T-score of the MIST-A, loudness 

discomfort levels, CLS scores, and electrophysiological indices of loudness growth (ABR/N1b loudness 

growth slopes). Additionally, we further hypothesized that any significant DST group differences observed 

with the DISSS-based categories would replicate using the corresponding MIST-A subscale in a dimensional 

analysis. 

6.3 Results 

Demographics of the full sample, as well as the sample with usable ERP data, can be found in Table 6.1. Similar 

to the previous study utilizing this sample, participants spanned the full range of eligible ages 18ï60 years; 

M=33.04, SD=9.92), and the sample predominantly identified as non-Hispanic White (71.7%), cisgender 

women (69.9%), and well-educated (75.2% graduated from a four-year college; 43.4% with at least some 

graduate school). The mean full-scale IQ was slightly above average (WASI-II FSIQ-4: M=116.58, SD=11.18, 

range 78ï141), and mean receptive and expressive vocabulary were in the high average and average  range, 

respectively (ROWPVT-4: M=111.38, SD=14.67, Min-Max=78ï146; EOWPVT-4: M=104.50, SD=13.16, 

Min-Max=75ï133). Psychiatric and neurodevelopmental conditions were also common (median=3, IQR=1ï4 

total psychiatric/neurodevelopmental diagnoses), with lifetime major depressive disorder (n=72 [65.4%]), 

generalized anxiety disorder (n=52 [46.0%]), ADHD (n=43 [38.1%]), social anxiety disorder (n=40 [35.3%]), 

and autism (n=33 [29.2%]) being the most frequently observed diagnoses. Audiometric hearing loss (any 

threshold >25 dB HL in either ear) was present in 22 individuals (19.5% of the sample), and 22 individuals 

(19.5%) also reported chronic tinnitus (including constant tinnitus or episodes occurring at least weekly) on the 

DISSS. Of the individuals with chronic tinnitus, 9/22 demonstrated hearing loss, whereas 13/22 did not. A total 

of 54 individuals in the sample (47.8%) were taking one or more psychotropic/centrally active medications at 

the time of the study, of which selective serotonin reuptake inhibitors (n=25 [22.1%]; inclusive of vortioxetine 

and vilazodone) and psychostimulants (n=13 [11.5%]; inclusive of phentermine) were the most commonly 

reported classes.  

Based on DISSS criteria, a total of 79 individuals in the sample (69.9%) met criteria for any DST 

disorder, and 62 (54.9%) met the criteria for any clinically significant DST disorder. Clinically significant 

hyperacusis was present in 44 individuals (38.9%; 20 loudness only, 13 pain, 11 ñmixedò [clinical loudness 

with subclinical pain]; 26 autistic), with subclinical hyperacusis present in an additional 20 (17.7%; 17 

loudness, 3 pain; 5 autistic). Clinically significant misophonia was present in 37 individuals (32.7%; 15 

autistic), with subclinical misophonia present in an additional 27 (23.9%; 10 autistic). Clinically significant 

phonophobia was present in 28 individuals (24.8%; 16 autistic), with subclinical phonophobia present in an 
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Table 6.1: Demographic and Clinical Characteristics of Electrophysiology and Event-related Potential (ERP) Samples 
 

  

Full Sample 

(n=113) 

ERP Subsample 

(n=101)   

Full Sample 

(n=113) 

ERP Subsample 

(n=101) 

Age (Years) 33.04 (9.92) 33.15 (10.05) Cognitive and language scores   

Sex        Verbal IQ 118.81 (13.19) 118.41 (13.16) 

     Male 29 (25.7%) 28 (27.7%)      Performance IQ 110.35 (12.12) 110.50 (11.80) 

     Female 84 (74.3%) 73 (72.3%)      Full-scale IQ 116.58 (11.18) 116.45 (11.09) 

Gender minority 6 (5.31%) 5 (4.95%)      Receptive language 111.38 (14.67) 111.63 (14.49) 

Hispanic/Latino ethnicity 10 (8.4%) 9 (8.9%)      Expressive language  104.50 (13.16) 104.90 (12.88) 

Race   Psychiatric history   

     American Indian/Alaska Native 4 (3.4%) 4 (4.0%)      Number of diagnoses 2.91 (2.23) 2.89 (2.22) 

     Asian 12 (10.1%) 9 (8.9%)      Autism 33 (29.2%) 30 (29.7%) 

     Black 6 (5.0%) 6 (5.9%)      ADHD 43 (38.1%) 37 (36.6%) 

     Middle Eastern/North African 2 (1.7%) 2 (2.0%)      Any anxiety disorder (current) 70 (61.9%) 65 (64.4%) 

     Pacific Islander 0 (0.0%) 0 (0.0%)      Lifetime mood disorder 76 (67.3%) 67 (66.3%) 

     White 102 (85.7%) 87 (86.1%)      Psychotropic medication use 54 (47.8%) 47 (46.5%) 

     Other race 1 (0.8%) 1 (1.0%) Hearing and DST variables   

Highest level of education        Tinnitus 29 (25.7%) 24 (23.8%) 

     High school diploma/GED 10 (8.9%) 10 (9.9%)      Hearing loss 22 (19.5%) 22 (21.8%) 

     Some college 15 (13.3%) 13 (12.9%)      Subclinical hyperacusis 20 (17.7%) 18 (17.8%) 

     Associate degree 3 (2.7%) 3 (3.0%)      Clinical hyperacusis 44 (38.9%) 40 (39.6%) 

     Bachelor's degree 36 (31.9%) 34 (33.7%)      Subclinical misophonia 27 (23.9%) 26 (25.7%) 

     Some graduate/professional school 13 (11.5%) 13 (12.9%)      Clinical misophonia 37 (32.7%) 32 (31.7%) 

     Master's degree 27 (23.9%) 21 (20.8%)      Subclinical phonophobia 7 (6.19%) 7 (6.93%) 

     Doctorate degree 9 (8.0%) 7 (6.9%)      Clinical phonophobia 28 (24.8%) 23 (22.8%) 

Values are presented as M (SD) for continuous variables and n (%) for categorical variables. Percentages reflect the percentage of non-missing values. All 

psychiatric diagnoses are based on a semi-structured psychiatric interview scaffolded by the Diagnostic Assessment Research Tool (DART). IQ = Intelligence 

Quotient; ADHD = attention-deficit/hyperactivity disorder; DST = decreased sound tolerance. No significant differences in demographic or clinical variables 

were observed between individuals with and without usable ERP data.  
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additional 7 (6.2%; 4 autistic). The overlap of DST conditions was quite high, with 24 individuals in the sample 

(12 autistic) with both clinically significant hyperacusis and misophonia, 12 individuals with clinically 

significant hyperacusis (8 autistic) who also demonstrated subclinical misophonia, and eight individuals (2 

autistic) who demonstrated clinically significant hyperacusis in the absence of misophonia. Similarly, in 

addition to the 24 individuals with both hyperacusis and misophonia, eight individuals with clinically 

significant misophonia (3 autistic) also demonstrated subclinical hyperacusis, and only five of the individuals 

in the misophonia group (all non-autistic) demonstrated no hyperacusis at all. As in the Chapter 5 sample, 

phonophobia almost always co-occurred with other DST disorders, with all but two of the individuals 

diagnosed with phonophobia using the DISSS also demonstrating at least one other clinical or subclinical DST 

disorder. 

6.3.1 Electrophysiologic Testing 

6.3.1.1 Auditory Brainstem Responses 

A summary of all group differences in electrophysiologic measures can be found in Table 6.2. ABR 

wave V amplitudes at a fixed level of 90 dB peSPL were equivalent across hyperacusis and misophonia groups 

(BFROPE<0.289; Table 6.2), and the effects of phonophobia, autism status, and chronic tinnitus on these 

amplitudes were also not statistically significant despite not surpassing the threshold for statistical equivalence 

(BFROPE=0.343ï0.543; Table 6.2). We additionally replicated the known associations (Konrad-Martin et al., 

2012) between older age and reduced wave V amplitudes (bStd=-0.235, CrI95% [-0.413, -0.054], Pd=.995, 

BFROPE=5.02, P>ROPE=.929). No other covariates were significant, and a supplemental model including a 

hyperacusis × autism interaction suggested that this interaction was not statistically significant (bStd=0.036, 

CrI95% [-0.778, 0.908], Pd=.534, BFROPE= 0.378, P>ROPE=.444).  

Fixed-level ABR wave V latencies were also significantly associated with older age (bStd=0.270, 

CrI95% [0.101, 0.430], Pd=.999, BFROPE= 7.40, P>ROPE=.976) as well as male sex (bStd=0.746, CrI95% [0.389, 

1.104], Pd>.999, BFROPE= 427, P>ROPE>.999), with both demographics predicting longer wave V latencies. 

Although hyperacusis group did not predict wave V latency, as we had originally hypothesized that it would 

(BFROPE=0.283), misophonia status was associated with prolonged ABR latencies to a practically significant 

degree (bStd=0.511, CrI95% [0.091, 0.955], Pd=.990, BFROPE= 3.13, P>ROPE=.970; Figure 6.1). Notably, ABR 

wave V latencies were statistically equivalent across groups based on phonophobia status (BFROPE=0.210), and 

neither effects of autism nor chronic tinnitus were found to be statistically significant despite not surpassing 

the equivalence threshold (BFROPE=0.583ï0.808; Table 6.2). No other covariates were significant, and a 

supplemental model including a hyperacusis Ö autism interaction suggested that this interaction was not 

statistically significant (bStd=0.232, CrI95% [-0.566, 1.043], Pd=.715, BFROPE= 0.441, P>ROPE=.627). A post-hoc  
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Table 6.2: Focal Model Parameters and Indices of Effect Significance for Auditory Brainstem Responses 

(ABRs) and Auditory Steady-state Responses (ASSRs) 

 
  bStd [95% CrI]  Pd BFROPE P>ROPE 

ABR Wave V Amplitude (Fixed Level)    

Hyperacusis -0.184 [-0.715, 0.360] 0.745 0.289 0.617 

Misophonia 0.048 [-0.416, 0.500] 0.583 0.182 0.414 

Phonophobia 0.297 [-0.169, 0.778] 0.899 0.490 0.800 

Chronic Tinnitus 0.183 [-0.238, 0.611] 0.803 0.543 0.652 

Autism -0.078 [-0.247, 0.098] 0.565 0.343 0.379 

ABR Wave V Latency (Fixed Level)    

Hyperacusis -0.201 [-0.665, 0.272] 0.801 0.283 0.663 

Misophonia 0.511 [0.091, 0.955] 0.990 3.13 0.970 

Phonophobia -0.131 [-0.580, 0.297] 0.726 0.210 0.556 

Chronic Tinnitus 0.200 [-0.192, 0.593] 0.845 0.583 0.697 

Autism 0.246 [-0.150, 0.661] 0.883 0.808 0.764 

ABR Wave V Amplitude Growth Slope    

Hyperacusis -0.183 [-0.604, 0.222] 0.812 0.249 0.654 

Misophonia 0.062 [-0.313, 0.442] 0.627 0.142 0.423 

Phonophobia 0.232 [-0.191, 0.638] 0.868 0.323 0.731 

Chronic Tinnitus -0.017 [ -0.370, 0.351] 0.537 0.260 0.324 

Autism 0.078 [-0.293, 0.451] 0.664 0.315 0.458 

ABR Wave V Latency Growth Slope    

Hyperacusis -0.417 [-0.850, -0.009] 0.975 1.30 0.930 

Misophonia 0.242 [-0.145, 0.627] 0.889 0.354 0.761 

Phonophobia -0.141 [ -0.566, 0.280] 0.735 0.216 0.572 

Chronic Tinnitus -0.058 [-0.367, 0.264] 0.641 0.231 0.394 

Autism 0.008 [-0.372, 0.365] 0.517 0.277 0.314 

ASSR Power (Fixed Level)    

Hyperacusis 0.161 [-0.341, 0.646] 0.737 0.254 0.595 

Misophonia -0.098 [ -0.526, 0.356] 0.673 0.186 0.496 

Phonophobia -0.123 [-0.560, 0.337] 0.703 0.204 0.538 

Chronic Tinnitus -0.249 [-0.662, 0.166] 0.881 0.796 0.759 

Autism 0.332 [-0.064, 0.744] 0.949 1.46 0.872 

ASSR Power Growth Slope    

Hyperacusis -0.150 [ -0.583, 0.270] 0.745 0.221 0.590 

Misophonia 0.245 [-0.154, 0.635] 0.888 0.366 0.765 

Phonophobia -0.077 [-0.482, 0.327] 0.646 0.162 0.456 

Chronic Tinnitus 0.361 [-0.017, 0.736] 0.967 2.20 0.912 

Autism -0.049 [-0.420, 0.335] 0.602 0.395 0.395 

Contrasts that are statistically significant (Pd > 0.975) are bolded, whereas contrasts that are practically equivalent to 

zero (BFROPE Ò 1/3 based on a region of practical equivalence [ROPE] of [-0.1, 0.1]) are presented in italics). 

Interactions between autism and hyperacusis or misophonia are not included in the table but were not significant in 

any case. Pd = probability of direction; BFROPE = ROPE Bayes factor; P>ROPE = probability of effect exceeding the 

ROPE.
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Figure 6.1: Auditory Brainstem Response Parameters Associated with Multiple Discrete Decreased Sound Tolerance Disorders 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (A) Single-subject and (B) average binaural auditory brainstem response (ABR) waveforms at a fixed level of 90 dB peSPL (averaged across all fixed trials in 

test and retest blocks), colored according to misophonia group status. The thick super-imposed lines in panel A represent the same group average tracings 

depicted in panel B. (C) Raincloud plot of ABR wave V latency-intensity growth slope as a function of hyperacusis status. Black points and error bars represent 

group means and their standard errors. One outlier is visible in the clinical hyperacusis group, although sensitivity analyses revealed that observed group 

differences were relatively robust to the influence of this case (8.6% change in effect size with removal; see main text for details). 
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interaction between autism and misophonia was also examined, given the significance of the misophonia main 

effect on ABR wave V latencies, and the additional model examining this effect also found this product term 

to be non-significant (bStd=-0.035, CrI95% [-0.787, 0.702], Pd=.536, BFROPE= 0.334, P>ROPE=.430). 

ABR wave V amplitude growth slopes were found to have significant negative associations with both 

older age (bStd=-0.181, CrI95% [-0.328, -0.029], Pd=.991, BFROPE=1.14, P>ROPE=.857) and male sex (bStd=-0.377, 

CrI95% [-0.689, -0.027], Pd=.986, BFROPE=3.61, P>ROPE=.946). However, ABR wave V amplitude growth was 

equivalent across all diagnostic groups, including autism, chronic tinnitus, hyperacusis, misophonia, and 

phonophobia (BFROPE<0.323). No other covariates were significant, and a supplemental model including a 

hyperacusis × autism interaction suggested that this interaction was also not statistically significant (bStd=0.094, 

CrI95% [-0.641, 0.865], Pd=.604, BFROPE=0.344, P>ROPE=.494). When examining the ABR wave V latency 

growth slope, this slope was also significantly more negative with older age (bStd=-0.236, CrI95% [-0.377, -

0.094], Pd>.999, BFROPE= 6.15, P>ROPE=.969), although notably this would indicate a steepening of the slope 

as opposed to the age effect on wave V amplitude growth. Supporting our hypothesis, hyperacusis was 

associated with statistically (albeit not practically) steeper wave V latency growth (bStd=-0.417, CrI95% [-0.850, 

-0.009], Pd=.975, BFROPE=1.30, P>ROPE=.930; Figure 6.1C). The effects of autism, chronic tinnitus, and 

phonophobia on this outcome were all equivalent (BFROPE<0.277; Table 6.2), and the effect of misophonia 

status was not statistically significant (BFROPE=0.354). Notably, there was one extreme outlier on this variable 

in the clinical hyperacusis group (Z-score of -6.71), which we verified with a visual inspection and hand-

scoring of ABR waveforms to genuinely demonstrate this degree of latency growth with increasing intensity. 

Because the effect was on the borderline of statistical significance, removal of the outlier did render it non-

significant (bStd=-0.381, CrI95% [-0.809, 0.027], Pd=.963, BFROPE=0.986, P>ROPE=.906), but it is important to 

note that the posterior median effect size attenuated by only 8.6%, and the Pd and P>ROPE indices were reduced 

by only 0.11 and 0.14, respectively, suggesting the outlier was not actually driving the significant group 

difference in latency slopes. No further covariates were significant, and an autism × hyperacusis interaction 

tested in a separate model was not statistically significant (bStd=-0.294, CrI95% [-1.028, 0.472], Pd=.777, 

BFROPE=0.488, P>ROPE=.694). 

6.3.1.2 Auditory Steady-state Responses 

 ASSR power at a fixed level of 60 dB SPL, similar to many other variables, was negatively 

associated with male sex, although in this case the relationship was slightly below the threshold for statistical 

significance (bStd=-0.341, CrI95% [-0.704, 0.028], Pd=.966, BFROPE= 1.90, P>ROPE=.902). However, fixed-level 

ASSR power was equivalent across hyperacusis, misophonia, and phonophobia groups (BFROPE<0.254; Table 

6.2), and autistic individuals demonstrated a slight reduction in ASSR power that was not statistically 
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significant and inconclusive in terms of its practical equivalence to zero (bStd=-0.249, CrI95% [-0.662, 0.166], 

Pd=.881, BFROPE= 0.796, P>ROPE=.759). Notably, individuals with chronic tinnitus also demonstrated a marginal 

increase in fixed level ASSR power (bStd=0.332, CrI95% [-0.064, 0.744], Pd=.949, BFROPE= 1.46, P>ROPE=.872); 

although this effect did not formally surpass the statistical significance threshold, it did demonstrate an 87.2% 

posterior probability of being practically significant. No other covariates were significant, and an autism × 

hyperacusis interaction tested in a separate model was also not statistically significant (bStd=-0.047, CrI95% [-

0.848, 0.795], Pd=.544, BFROPE=0.376, P>ROPE=.450). ASSR power-intensity growth slopes similarly 

demonstrated a significant negative association with male sex, with this association being both statistically and 

practically significant (bStd=-0.368, CrI95% [-0.700, -0.049], Pd=.986, BFROPE= 3.59, P>ROPE=.944). 

Additionally, ASSR growth slopes were equivalent across groups based on autism, hyperacusis, and 

phonophobia (BFROPE<0.296; Table 6.2) and not significantly different across misophonia groups 

(BFROPE=0.366). Notably, similar to the effect seen with fixed ASSR power, chronic tinnitus was associated 

with marginally increased ASSR growth slopes (bStd=0.361, CrI95% [-0.017, 0.736], Pd=.967, BFROPE=2.20, 

P>ROPE=.912); again, despite being not statistically significant, this effect had over a 91% posterior probability 

of being practically significant. No other covariates were significant, and when an autism × hyperacusis 

interaction was tested in a separate model, it was inconclusive and not statistically significant (bStd=0.383, 

CrI95% [-0.376, 1.128], Pd=.842, BFROPE=0.611, P>ROPE=.772). 

6.3.1.3 N1b Event-related Potentials 

Fixed-level (60 dB SPL) standard tones in the auditory oddball task elicited N1b ERP components 

that varied significantly by frequency, with 2000 Hz tones demonstrating significantly smaller (i.e., more 

positive) N1b amplitudes than 500 Hz tones (bStd=0.574, CrI95% [0.403, 0.745], Pd>.999, BFROPE=1.41×105, 

P>ROPE>.999). However, N1b amplitudes were equivalent across groups based on autism, hyperacusis, 

misophonia, and phonophobia status (BFROPE<0.308; Table 6.3), and no significant differences were found in 

N1b amplitudes across groups based on chronic tinnitus (BFROPE=0.349). No other covariates were significant, 

and when an autism × hyperacusis interaction was tested in a separate model, it was also not statistically 

significant (bStd=-0.074, CrI95% [-0.846, 0.710], Pd=.572, BFROPE=0.355, P>ROPE=.475). N1b latencies at the 

same fixed level of 60 dB SPL were notably equivalent across frequencies (bStd=0.052, CrI95% [-0.099, 0.226], 

Pd=.750, BFROPE=0.083, P>ROPE=.285), although they were significantly associated with number of psychiatric 

diagnoses (effect per additional diagnosis; bStd=0.119, CrI95% [0.013, 0.245], Pd=.989, BFROPE=0.328, 

P>ROPE=.638). When examining the focal model parameters, N1b latencies demonstrated a very strong 

association with hyperacusis status, such that individuals with hyperacusis had substantially faster N1b ERP 
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latencies (bStd=-1.115, CrI95% [-1.593, -0.670], Pd>.999, BFROPE=1228, P>ROPE>.999; Figure 6.2AïC). Fixed-

level N1b latencies were equivalent across groups based on misophonia and phonophobia (BFROPE<0.195; 
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Figure 6.2: Associations between Hyperacusis Status and N1b Event-related Potential Latencies 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Reconstructed grand average N1b waveforms by hyperacusis status for the (A) 500 Hz fixed level and (B) 2000 Hz fixed level stimuli at the central virtual 

electrode. (C) Raincloud plot of mean N1b latency as a function of hyperacusis status. (D) Raincloud plot of mean N1b latency-intensity growth slope as a 

function of hyperacusis status. Black points and error bars represent group means and their standard errors.
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Table 6.3: Focal Model Parameters and Indices of Effect Significance for Event-related Potential Outcomes 

 
 bStd [95% CrI]  Pd BFROPE P>ROPE 

N1b Amplitude (Fixed Level)    

Hyperacusis -0.185 [-0.644, 0.267] 0.785 0.265 0.644 

Misophonia 0.106 [-0.330, 0.535] 0.682 0.198 0.512 

Phonophobia 0.119 [-0.300, 0.555] 0.706 0.187 0.538 

Chronic Tinnitus 0.098 [-0.283, 0.477] 0.704 0.349 0.496 

Autism 0.062 [-0.318, 0.449] 0.626 0.308 0.418 

N1b Latency (Fixed Level)    

Hyperacusis -1.115 [-1.593, -0.670] >0.999 1228 >0.999 

Misophonia -0.006 [-0.424, 0.434] 0.511 0.167 0.333 

Phonophobia 0.078 [-0.398, 0.534] 0.628 0.195 0.462 

Chronic Tinnitus 0.109 [-0.289, 0.500] 0.703 0.393 0.517 

Autism 0.127 [-0.260, 0.524] 0.738 0.395 0.556 

N1b Amplitude Growth Slope    

Hyperacusis 0.174 [-0.272, 0.627] 0.777 0.252 0.629 

Misophonia -0.209 [-0.645, 0.239] 0.820 0.293 0.687 

Phonophobia -0.187 [-0.632, 0.212] 0.810 0.241 0.657 

Chronic Tinnitus -0.110 [-0.487, 0.280] 0.711 0.371 0.520 

Autism 0.005 [-0.400, 0.361] 0.510 0.298 0.312 

N1b Latency Growth Slope    

Hyperacusis -0.858 [-1.321, -0.376] >0.999 64.2 0.999 

Misophonia 0.237 [-0.221, 0.698] 0.843 0.338 0.721 

Phonophobia -0.269 [-0.722, 0.170] 0.882 0.398 0.769 

Chronic Tinnitus 0.101 [-0.299, 0.524] 0.685 0.388 0.501 

Autism -0.127 [-0.527, 0.275] 0.735 0.405 0.552 

P3a Amplitude    

Hyperacusis -0.096 [-0.470, 0.242] 0.701 0.145 0.493 

Misophonia 0.155 [-0.186, 0.476] 0.818 0.195 0.623 

Phonophobia 0.035 [-0.288, 0.350] 0.588 0.105 0.346 

Chronic Tinnitus 0.011 [-0.285, 0.328] 0.529 0.203 0.282 

Autism -0.107 [-0.417, 0.1901 0.759 0.285 0.519 

Hyperacusis × Chewing -0.006 [-0.473, 0.477 0.510 0.181 0.348 

Hyperacusis × White noise 0.070 [-0.383, 0.520] 0.620 0.178 0.445 

Misophonia × Chewing 0.107 [-0.369, 0.617] 0.668 0.217 0.512 

Misophonia × White noise -0.042 [-0.533, 0.424] 0.568 0.190 0.406 

Positive Slow Wave Amplitude    

Hyperacusis -0.093 [-0.422, 0.220] 0.717 0.131 0.483 

Misophonia 0.301 [-0.019, 0.614] 0.966 0.777 0.891 

Phonophobia -0.024 [-0.310, 0.271] 0.568 0.086 0.297 

Chronic Tinnitus -0.251 [-0.527, 0.012] 0.966 1.30 0.868 

Autism 0.042 [-0.231, 0.305] 0.623 0.176 0.331 

Hyperacusis × Chewing -0.084 [-0.577, 0.449] 0.624 0.228 0.475 

Hyperacusis × White noise 0.338 [-0.145, 0.846] 0.911 0.577 0.831 

Misophonia × Chewing 0.181 [-0.370, 0.704] 0.754 0.278 0.618 

Misophonia × White noise -0.208 [-0.743, 0.333] 0.770 0.332 0.651 

Contrasts that are statistically significant (Pd > 0.975) are bolded, whereas contrasts that are practically equivalent to zero 

(BFROPE Ò 1/3 based on a region of practical equivalence [ROPE] of [-0.1, 0.1]) are presented in italics). Interactions between 

autism and hyperacusis or misophonia are not included in the table but were not significant in any case. Pd = probability of 

direction; BFROPE = ROPE Bayes factor; P>ROPE = probability of effect exceeding the ROPE. 
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Table 6.3), and the effects of autism and chronic tinnitus on N1b latency were also not statistically significant 

(BFROPE=0.393ï0.395). No other covariates were significant, and an autism × hyperacusis interaction examined 

in a separate model was also found not to be significant (bStd=-0.280, CrI95% [-1.127, 0.617], Pd=.734, 

BFROPE=0.514, P>ROPE=.657).  

When examining N1b amplitude-intensity growth slopes, a significant main effect of frequency 

condition was also observed, with 2000 Hz tones demonstrating substantially steeper (i.e., more positive) 

amplitude growth with intensity (bStd=0.355, CrI95% [0.222, 0.487], Pd>.999, BFROPE=962, P>ROPE>.999). 

However, these amplitude growth slopes were statistically equivalent across groups based on autism, 

hyperacusis, misophonia, and phonophobia (BFROPE<0.298; Table 6.3), and the effect of chronic tinnitus on 

N1b amplitude growth was also not statistically significant (BFROPE=0.371). No other covariates were 

significant, and an autism × hyperacusis interaction examined in a separate model was also found not to be 

significant (bStd=0.109, CrI95% [-0.687, 0.862], Pd=.609, BFROPE=0.354, P>ROPE=.509). N1b latency-intensity 

growth slopes also exhibited a main effect of frequency condition, with 2000 Hz tones in this case 

demonstrating substantially shallower (i.e., more positive) latency growth with intensity (bStd=0.457, CrI95% 

[0.348, 0.572], Pd>.999, BFROPE=1.26×106, P>ROPE>.999). N1b latency growth also exhibited a marginally 

significant effect of sex, with males exhibiting slightly shallower latency growth than females (bStd=0.366, 

CrI95% [-0.010, 0.728], Pd=.973, BFROPE=2.51, P>ROPE=.923). A significant effect of psychopathology was also 

observed, with shallower latency slopes in individuals with more psychiatric or neurodevelopmental diagnoses 

(effect per additional diagnosis: bStd=0.104, CrI95% [-0.004, 0.237], Pd=.976, BFROPE=0.208, P>ROPE=.528), 

although the magnitude of this effect was small and did not reach the threshold for practical significance even 

when contrasting individuals with 5 psychiatric or neurodevelopmental diagnoses to those with no diagnoses. 

Of particular note, N1b latency slopes were strongly related to hyperacusis status, with much steeper latency 

growth in individuals with hyperacusis compared to those without the condition (bStd=-0.858, CrI95% [-1.321, -

0.376], Pd>.999, BFROPE=64.2, P>ROPE=.999; Figure 6.2D). Additionally, effects of autism, misophonia, 

phonophobia, and chronic tinnitus, were not significant, despite not reaching the threshold for practical 

equivalence (BFROPE=0.338ï0.405). No other covariates were significant, and an autism × hyperacusis 

interaction examined in a separate model was also found not to be significant (bStd=-0.162, CrI95% [-1.015, 

0.651], Pd=.647, BFROPE=0.412, P>ROPE=.556). 

6.3.1.4 P3a and Positive Slow Wave Event-related Potentials 

As expected, P3a amplitudes in the auditory oddball task demonstrated strong effects of condition, 

with substantially increased amplitudes in both deviant conditions relative to the combined standard condition 

of all tonal stimuli (Chewing vs. Tones: bStd=0.583, CrI95% [0.299, 0.871], Pd>.999, BFROPE=310, P>ROPE>.999; 
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White noise vs. Tones: bStd=0.725, CrI95% [0.449, 1.002], Pd>.999, BFROPE=2826, P>ROPE>.999). Additionally, 

across task conditions, P3a mean amplitudes were significantly associated with increased age (bStd=0.150, 

CrI95% [0.020, 0.282], Pd=.987, BFROPE=0.665, P>ROPE=.778). However, P3a amplitudes were equivalent across 

groups based on autism, chronic tinnitus, hyperacusis, misophonia, and phonophobia (BFROPE<0.285; Table 

6.2), and both hyperacusis × condition and misophonia × condition interaction effects were all also equivalent 

to zero (BFROPE<0.217; Table 6.3). No other covariates were statistically significant, and when tested in a 

separate model, neither the autism × misophonia interaction (bStd=-0.316, CrI95% [-0.923, 0.313], Pd=.850, 

BFROPE=0.477, P>ROPE=.760) nor either of the three-way interactions between autism × misophonia × condition 

(Chewing: bStd=-0.381, CrI95% [-1.227, 0.460], Pd=.810, BFROPE=0.620, P>ROPE=.745; White noise: bStd=-0.127, 

CrI95% [-0.917, 0.632], Pd=.635, BFROPE=0.366, P>ROPE=.529) were statistically significant.  

When examining PSW component amplitudes, we observed a significant condition effect, with 

moderately increased mean amplitudes in the Chewing condition (bStd=0.341, CrI95% [0.022, 0.666], Pd=.980, 

BFROPE=2.63, P>ROPE=.929) but equivalent amplitudes in the White noise condition (bStd=0.092, CrI95% [-0.221, 

0.391], Pd=.722, BFROPE=0.264, P>ROPE=.481) relative to the standard Tone condition. In addition to the effect 

of condition, there was also a small but statistically significant positive association between PSW amplitude 

and PIQ (bStd=0.135, CrI95% [0.021, 0.252], Pd=.989, BFROPE=0.499, P>ROPE=.728). Across conditions, 

misophonia was associated with a marginally significant increase in PSW mean amplitudes (bStd=0.301, CrI95% 

[-0.019, 0.614], Pd=.966, BFROPE=0.777, P>ROPE=.891), and chronic tinnitus was associated with marginally 

significant decrease in PSW mean amplitudes (bStd=-0.251, CrI95% [-0.527, 0.012], Pd=.966, BFROPE=1.30, 

P>ROPE=.868). Notably, despite neither of these effects exceeding the binary threshold for statistical significance 

(each had only a 96.6% posterior probability of ñexistingò rather than >97.5%), they demonstrated 89.1% and 

86.8% posterior probabilities of being practically significant, respectively. Main effects of hyperacusis, 

phonophobia, and autism, as well as the hyperacusis × Chewing, misophonia × Chewing, and misophonia × 

White noise interactions were all demonstrated to be practically equivalent to zero (BFROPE<0.332; Table 6.3). 

However, the hyperacusis × White noise interaction, while not significant, was inconclusive and less 

definitively representative of a null effect (bStd=0.338, CrI95% [-0.145, 0.846], Pd=.911, BFROPE=0.577, 

P>ROPE=.831). No other covariates were significant. When examined in a separate model, the autism × 

misophonia interaction was inconclusive (bStd=-0.420, CrI95% [-0.967, 0.133], Pd=.927, BFROPE=0.842, 

P>ROPE=.871) and in the opposite direction of the now statistically significant misophonia main effect 

(bStd=0.403, CrI95% [0.064, 0.759], Pd=.987, BFROPE=1.98, P>ROPE=.955). Three-way interaction terms between 

autism × misophonia × condition did not reach statistical significance (Chewing: bStd=0.326, CrI95% [-0.494, 

1.211], Pd=.775, BFROPE=0.550, P>ROPE=.703; White noise: bStd=-0.399, CrI95% [-1.238, 0.430], Pd=.826, 
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BFROPE=0.599, P>ROPE=.756). To further probe the significance of the two-way autism × misophonia interaction 

in the absence of higher-order interactions, we calculated average marginal effects from the expectation of the 

modelôs posterior predictive distribution for hypothetical new subjects; collapsed across conditions, PSW 

amplitudes were significantly larger in individuals with misophonia compared to those without in the non-

autistic group (d=0.422, CrI95% [0.033, 0.806], Pd=.983) but not in the autistic group (d=-0.019, CrI95% [-0.554, 

0.537], Pd=.527). Notably, the difference-in-differences, akin to a two-way interaction term, continued to fall 

short of statistical significance (æd=0.440, CrI95% [-0.156, 1.051], Pd=.922). 

6.3.2 Correlation Analyses  

Correlations between each of the electrophysiologic outcomes and the self-reported and 

psychoacoustic variables can be found in Table 6.4. As stated previously, we hypothesized that there would be 

significant cross-modal correlations between hyperacusis-related variables such that (a) increased dimensional 

hyperacusis symptoms, (b) lower mean loudness discomfort levels, (c) steeper CLS-based loudness growth 

slopes, (d) shorter N1b latencies, and (e) steeper latency-intensity growth slopes for both ABR wave V and 

N1b would all be positively significantly correlated with one another. In line with this hypothesis, mean LDL 

was strongly negatively correlated with the MIST-A hyperacusis (rGR=-0.541, Pd>.999), as well as the 

remaining three subscales of the measure (rGR=-0.338ï-0.439, Pd>.998; Table 6.4), although there was a 

substantial (94.1ï99.2%) posterior probability of a larger correlation with the hyperacusis scale than each other 

MIST-A scale. All four MIST-A subscales were also positively and significantly correlated with CLS-based 

loudness growth slopes (rGR=0.204ï0.428, Pd>.998; Table 6.4), again with the Hyperacusis scale demonstrating 

the strongest association (88.5ï99.9% posterior probability of the Hyperacusis-CLS slope correlation being 

larger). As hypothesized, mean LDL was also strongly negatively correlated with the mean loudness growth 

slope derived from the CLS task (rGR=-0.590, CrI95% [-0.701, -0.482], Pd>.999).  

In line with significant hyperacusis group differences, MIST-A hyperacusis scores were also 

significantly associated with steeper ABR wave V latency growth slopes, shorter N1b latencies, steeper N1b 

latency-intensity growth slopes (Table 6.4). Similar patterns of results were seen for the two psychoacoustic 

measures, with both CLS-based loudness growth slopes and mean LDLs correlating significantly with (a) ABR 

latency-intensity growth slope, and (b) N1b latency-intensity growth slope (Table 6.4; Figure 6.3). Notably, 

there were no significant associations between ABR wave V latency growth slopes and N1b latency growth  
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Table 6.4: Gaussian Rank Correlations between Electrophysiologic Outcomes and both Self-reported Symptoms and Loudness Indices 
 

  
MIST -A 

Hyperacusis 

MIST -A 

Misophonia 

MIST -A 

Pain 

MIST -A 

Fear 

Mean 

LDL  

CLS Loudness 

Growth Slope 

Mean LDL 
-0.541 

[-0.656, -0.409] 

-0.401 

[-0.550, -0.242] 

-0.338 

[-0.530, -0.131] 

-0.439 

[-0.577, -0.289] 
ð 

-0.590 

[-0.701, -0.482] 

CLS Loudness Growth Slope 
0.428 

[ 0.282, 0.578] 

0.204 

[ 0.034, 0.376] 

0.279 

[ 0.109, 0.448] 

0.368 

[ 0.181, 0.532] 

-0.590 

[-0.701, -0.482] 
ð 

ABR Wave V Amplitude 
-0.010 

[-0.190, 0.176] 

-0.075 

[-0.239, 0.098] 

-0.028 

[-0.186, 0.141] 

-0.012 

[-0.191, 0.185] 

0.006 

[-0.192, 0.196] 

-0.028 

[-0.198, 0.144] 

ABR Wave V Latency 
0.092 

[-0.104, 0.275] 

0.170 

[ 0.008, 0.323] 

0.148 

[-0.071, 0.352] 

0.052 

[-0.133, 0.236] 

-0.102 

[-0.304, 0.087] 

0.094 

[-0.084, 0.282] 

ABR Amplitude Growth Slope 
0.028 

[-0.168, 0.211] 

-0.091 

[-0.252, 0.094] 

-0.021 

[-0.198, 0.157] 

0.008 

[-0.179, 0.190] 

0.002 

[-0.205, 0.206] 

0.032 

[-0.137, 0.208] 

ABR Latency Growth Slope 
-0.227 

[-0.391, -0.056] 

-0.165 

[-0.344, 0.0004] 

-0.208 

[-0.373, -0.033] 

-0.209 

[-0.371, -0.033] 

0.246 

[ 0.072, 0.411] 

-0.220 

[-0.420, -0.025] 

ASSR Power 
-0.123 

[-0.283, 0.048] 

-0.129 

[-0.303, 0.064] 

-0.101 

[-0.285, 0.088] 

-0.085 

[-0.255, 0.081] 

0.154 

[-0.024, 0.325] 

-0.085 

[-0.275, 0.098] 

ASSR Power Growth Slope 
-0.141 

[-0.309, 0.036] 

-0.192 

[-0.359, -0.011] 

-0.184 

[-0.352, 0.0001] 

-0.153 

[-0.326, 0.021] 

0.110 

[-0.080, 0.304] 

-0.213 

[-0.404, -0.036] 

N1b Amplitude 
0.002 

[-0.198, 0.173] 

-0.094 

[-0.266, 0.086] 

-0.045 

[-0.208, 0.140] 

0.027 

[-0.160, 0.216] 

-0.082 

[-0.250, 0.107] 

0.002 

[-0.195, 0.202] 

N1b Latency 
-0.172 

[-0.333, -0.011] 

-0.044 

[-0.194, 0.113] 

-0.106 

[-0.286, 0.056] 

-0.052 

[-0.226, 0.150] 

0.163 

[-0.001, 0.331] 

-0.159 

[-0.333, 0.025] 

N1b Amplitude Growth Slope 
0.004 

[-0.224, 0.207] 

0.023 

[-0.139, 0.187] 

0.076 

[-0.119, 0.254] 

-0.019 

[-0.214, 0.166] 

0.117 

[-0.075, 0.290] 

-0.050 

[-0.248, 0.162] 

N1b Latency Growth Slope 
-0.221 

[-0.379, -0.041] 

-0.055 

[-0.227, 0.118] 

-0.037 

[-0.229, 0.150] 

-0.164 

[-0.316, -0.004] 

0.212 

[ 0.027, 0.382] 

-0.330 

[-0.522, -0.120] 

P3a Amplitude (White Noise) 
0.210 

[ 0.029, 0.391] 

0.100 

[-0.055, 0.252] 

0.027 

[-0.150, 0.205] 

0.157 

[-0.003, 0.326] 

0.041 

[-0.139, 0.217] 

0.092 

[-0.090, 0.283] 

P3a Amplitude (Chewing) 
0.100 

[-0.076, 0.284] 

0.119 

[-0.038, 0.278] 

0.156 

[-0.035, 0.337] 

0.109 

[-0.031, 0.252] 

0.039 

[-0.156, 0.243] 

-0.010 

[-0.201, 0.196] 

PSW Amplitude (White Noise) 
-0.097 

[-0.279, 0.083] 

0.069 

[-0.094, 0.238] 

0.066 

[-0.104, 0.236] 

-0.089 

[-0.257, 0.081] 

-0.187 

[-0.347, -0.023] 

0.026 

[-0.181, 0.225] 

PSW Amplidude (Chewing) 
-0.056 

[-0.222, 0.110] 

0.057 

[-0.129, 0.241] 

-0.062 

[-0.256, 0.130] 

0.010 

[-0.179, 0.190] 

-0.012 

[-0.194, 0.185] 

-0.091 

[-0.274, 0.103] 

Statistically significant correlations (Pd>.975) are presented in bold. MIST-A = Multidimensional Inventory of Sound Tolerance in Adults; LDL = Loudness 

Discomfort Level; CLS = Categorical Loudness Scaling; ABR = Auditory Brainstem Response; ASSR = Auditory Steady-state Response; PSW = Positive 

Slow Wave. 
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Figure 6.3: Dimensional Association between N1b Latency Growth Slopes and Psychoacoustic Loudness-intensity Growth Slopes 

 
 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

All mean loudness growth slopes represent the average of four model-based loudness-intensity growth slopes derived from the 500 Hz, 2000 Hz, 500 Hz AM, 

and 2000 Hz AM stimuli of the categorical loudness scaling (CLS) task. N1b latency-intensity growth slopes represent the average of model-based 500 Hz and 

2000 Hz growth slopes for each participant. A linear trendline with 95% confidence intervals and marginal density distributions by hyperacusis subgroup are 

provided to aid visualization. This effect was moderate in magnitude. 
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Figure 6.4: Dimensional Association between Misophonia Symptoms and Fixed-level Auditory Brainstem Response Wave V Latencies 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Individual points represent mean auditory brainstem response (ABR) wave V latencies within an individual calculated per block and then averaged across all 

presentation blocks at 90 dB peSPL (whether or not those blocks were considered ñfixed levelò or one of the ñsoft,ò ñmedium,ò or ñloudò levels). A linear 

trendline with 95% confidence intervals and marginal density distributions by misophonia subgroup are provided to aid visualization. MIST-A = 

Multidimensional Inventory of Sound Tolerance in Adults; peSPL = peak-equivalent Sound Pressure Level. This association was small in magnitude.
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slopes in the current sample (rGR=-0.035, CrI95% [-0.243, 0.163], Pd=.637).  

There were also a number of non-hypothesized significant correlations between hyperacusis-relevant 

variables and additional outcomes as well, including the White noise-specific P3a and PSW amplitudes, which 

did demonstrate small correlations with the MIST-A Hyperacusis T-score and Mean LDL scores, respectively 

(Table 6.4; Supplemental Figure 6.7). As another unexpected correlation, ASSR power-intensity growth slope 

significantly correlated with CLS Loudness growth (rGR=-0.213, CrI95% [-0.404, -0.036], Pd=.983). Notably, 

this associations with ASSR growth slopes was in the opposite direction than would be expected (i.e., steeper 

psychoacoustic loudness growth and/or more self-reported DST symptoms were associated with shallower 

loudness growth at the neural level).  

Lastly, as misophonia was only categorically associated with ABR wave V latency, we hypothesized 

that there would be a significant association between dimensional misophonia symptoms and wave V latencies 

but not any of the other MIST-A subscales. We found a weak but significant correlation supporting this 

hypothesis (rGR=0.170, CrI95% [0.008, 0.323], Pd=.975; Figure 6.4). Similarly to CLS loudness growth, MIST-

A Misophonia T-score was also significantly negatively associated with ASSR power-intensity growth slope 

(rGR=-0.192, CrI95% [-0.359, -0.011], Pd=.983), although this was once again deemed potentially spurious.  

6.4 Discussion 

Despite its hypothesized origins in the central nervous system, DST remains very poorly understood 

from a neuroscientific perspective, and few data from electrophysiologic studies in humans have been available 

to support or refute claims about its mechanisms. The present study, conducted in one of the largest 

transdiagnostic samples of deeply-phenotyped individuals with and without DST disorders to date, represents 

a meaningful step forward in our understanding of these mechanisms by providing clues about the 

neurophysiologic correlates of both hyperacusis and misophonia in autistic and non-autistic adults. Although 

we did not find evidence to support many of the original study hypotheses regarding DST group differences, 

our findings nevertheless demonstrate associations between hyperacusis and electrophysiologic indices of 

increased central gain (latency growth slopes) in both the auditory brainstem and cortex, as well as reduced 

fixed-level N1b latencies, which presumably reflect shifted loudness functions. Additionally, we found that 

misophonia was associated with a prolongation of ABR wave V latencies, additionally finding weaker evidence 

of a possible increase in PSW/LPP amplitudes in individuals with misophonia as well. These ABR results, 

which mirror the unpublished findings of other groups using similar techniques in this population (Husain & 

Kim, 2022), implicate altered functioning of the upper auditory brainstem, namely the inferior colliculus and/or 

lateral lemniscus (Legatt, 2015) in the condition, independent of its associations with other DST disorders. As 

the first electrophysiologic study formally comparing autistic and non-autistic adults with DST, we also failed 
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to find any appreciable differences in the neural correlates of hyperacusis or misophonia between autistic and 

non-autistic groups, providing preliminary evidence of a shared underlying pathophysiology or final common 

pathway for DST seemingly associated with multiple distinct etiologies. Though these findings will necessarily 

require replication and extension to produce mechanistic insights that are robust enough for translation to 

intervention development or clinical practice, we nevertheless believe that these results provide a meaningful 

foundation for future neuroscientific studies of DST, paving a path forward to mechanistically informed 

diagnoses and treatments for these poorly understood conditions. 

6.4.1 Auditory Brainstem Responses 

In the present study, we hypothesized that individuals with hyperacusis would manifest increased 

central auditory gain in the brainstem via increased ABR wave V amplitudes, decreased wave V latencies, 

increased wave V amplitude-intensity growth slopes, and increased (more negative) wave V latency-intensity 

growth slopes. Of these, only wave V latency-intensity growth was found to be significantly increased in 

individuals with hyperacusis (an association that was observed whether hyperacusis was defined categorically 

or dimensionally). Although there was one extreme outlier in the hyperacusis group with regard to wave V 

latency-intensity slope, sensitivity analyses demonstrated that the student-t based models used to evaluate 

group differences were actually quite robust to the influence of this high-leverage point (i.e., only an 8% change 

in effect size with removal of the point). As the ABR latency-intensity function correlates with the 

psychoacoustic loudness-intensity function in both healthy normal-hearing individuals (Serpanos et al., 1997) 

and the current sample, we believe that altered brainstem encoding of loudness and/or intensity at the level of 

the lateral lemniscus and/or inferior colliculus (Parkkonen et al., 2009) represents a candidate mechanism for 

the generation of hyperacusis in humans (Shaheen & Liberman, 2018). This is somewhat consistent with prior 

work in two studies of autistic individuals with hyperacusis (Mercati et al., 2017; Thabet & Zaghloul, 2013), 

who found that ABR wave V latencies were faster than expected at a given frequency in autistic individuals 

with hyperacusis compared to those without. Though no similar changes were observed in ABR amplitude 

growth slopes in the current study, one reason for this is the fact that due to the superimposition of ABR waves 

IV and V at some levels but not others, the within-individual association between SPL and ABR ñwave Vò 

amplitude is more convoluted than between SPL and ñwave Vò latency.  

In the present study, ABR wave V latencies were also found to be significantly prolonged in 

individuals with misophonia (both subclinical and clinical) relative to individuals without misophonia. 

Although we had originally hypothesized that individuals with misophonia would not demonstrate any 

alterations in subcortical auditory processing, we were later made aware of an unpublished ABR study in which 

individuals with misophonia (both with and without hyperacusis) demonstrated prolonged ABR wave V 
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latencies relative to individuals with hyperacusis alone and non-DST controls (Husain & Kim, 2022). Our 

current results replicate those of Husain & Kim using slightly different methods (i.e., bilateral rather than 

unilateral clicks, DST disorders analyzed in factorial design), and this convergence provides a higher degree 

of confidence that observed differences reflect true rather than artifactual correlates of misophonia. However, 

it is notable that the one published study to date of ABR latencies in misophonia (Aryal & Prabhu, 2023b) did 

not find wave V latencies to be prolonged in their cohort, and it remains unclear whether this studyôs 

discrepancy with our results and those of Husain & Kim (2022) represent a failure of statistical power, 

methodological differences in ABR acquisition, or another factor.  

Assuming that our findings do indeed represent a genuine and replicable (group-level) neurobiological 

alteration in the auditory brainstem of individuals with misophonia, these results have significant implications 

for our mechanistic understanding of misophonia. Models of misophonia thus far have suggested that that all 

auditory structures between inner ear and auditory cortex function typically, positing connectivity differences 

between auditory and non-auditory structures as the source of misophonic reactions (Berger et al., 2023; 

Jastreboff, 2024). However, these results would indicate that misophonia-related pathophysiologic alterations 

may begin earlier in the sound processing pathway than previously realized, and functional differences also are 

observable in cases when the sound stimulus is not overtly ñtriggering.ò This would also help to explain the 

high rates of co-occurrence between misophonia and hyperacusis in the population (Brennan et al., 2023; Dixon 

et al., 2024), given their seemingly non-overlapping mechanisms. However, it is notable that the inferior 

colliculus, the major source of ABR wave V (Legatt, 2015), is a highly multisensory brain region with many 

converging top-down and bottom-up inputs (Driscoll & Tadi, 2023; M. Liu et al., 2022; Oberle et al., 2022). 

Thus, pathophysiologic alterations in non-auditory regions may also be fully able to account for functional 

differences in sound-evoked activity in this region, and ñlow-levelò auditory processing differences in 

misophonia (i.e., those restricted to unimodal sensory regions), while plausible, are not required to 

mechanistically explain these findings.  

As the observed ABR alterations appear present in individuals with subclinical misophonia as well, it 

may well be the case that the functional auditory changes represent (part of) the substrate of misophonic 

reactions (i.e., the categorical experience of being ñtriggeredò by specific sounds), whereas additional variables 

representing transdiagnostic aspects of psychopathology (e.g., poor emotion regulation, impulsivity, 

interpersonal aggression) are likely necessary in combination with the misophonia reactions to reach a state of 

having ñclinically significant misophoniaò (Möllmann et al., 2023). Given the potential for ABRs to help 

elucidate a meaningful aspect of misophonia pathophysiology, additional methodological research is critical in 

ascertaining the optimal acquisition protocols and parameters (including the utility of binaural stimulation as 

conducted in the current study; Laumen et al., 2016) for distinguishing individuals with misophonia from 
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control individuals and correlating with misophonia severity.  

6.4.2 Auditory Steady-state Responses 

We originally hypothesized that 40 Hz ASSR power and their power-intensity growth slopes would 

discriminate individuals with hyperacusis from those without, given previous results indicating that ASSR 

power indexes loudness in auditory cortex listeners (Van Eeckhoutte et al., 2016, 2018). However, we found 

that this was not the case in our current sample, and neither categorical nor dimensional analyses indicated that 

ASSRs provided a good measure of loudness growth or hyperacusis. In fact, ASSR growth slope correlated 

significantly with psychoacoustic loudness growth, but in the opposite direction of that expected, indicating 

either a spurious correlation or one that is likely driven by something other than the hypothesized central gain 

mechanism. Interestingly, we found weak albeit consistent evidence of higher ASSR power and ASSR growth 

slopes in individuals with chronic tinnitus in our sample, consistent with a number of past studies that have 

demonstrated increased ASSR power in this population specifically (Diesch et al., 2004, 2010; Ghasemahmad 

et al., 2024; Wienbruch et al., 2006). The current study demonstrates that this effect of tinnitus is independent 

of DST status, particularly hyperacusis, and may indeed be unrelated to loudness growth or other indices of 

central gain.  

6.4.3 Sensory Cortical Event-related Potentials (N1b) 

When considering N1b ERPs, we hypothesized that due to increased central auditory gain, individuals 

with hyperacusis would exhibit decreased component latencies, increased (i.e., more negative) component 

amplitudes, increased N1b amplitude-intensity growth slopes, and increased (more negative) N1b latency-

intensity growth slopes (Billings et al., 2007). Similar to the one previous ERP study to examine N1b 

amplitudes across multiple levels (Erinc & Derinsu, 2022), we found no evidence of altered N1b loudness 

growth or fixed-level amplitudes in individuals with hyperacusis relative to those without hyperacusis in the 

present study. However, in the present study, we found the two N1b latency metrics to be strongly related to 

hyperacusis, seemingly indicative of a pathological auditory gain process in secondary auditory cortical areas 

(Woods, 1995). N1b latency-intensity growth was also the strongest electrophysiologic predictor of 

psychoacoustic (CLS-based) loudness growth slopes in the sample, as well as a dimensional predictor of MIST-

A hyperacusis and phonophobia (but not misophonia) symptoms, suggesting that this measure in particular 

holds promise as a behaviorally relevant biomarker of loudness growth and subjective DST severity. As would 

be expected from sampling a single point on the latency growth function, fixed-level N1b latencies were 

strongly correlated with N1b latency growth, although these values correlated less strongly with subjective 

symptoms and loudness measures to the point of no longer demonstrating statistically significant relations with 

most of these variables. Thus, although hyperacusis may be associated with significant reductions in N1b 
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latencies under some conditions, as in the current study, it appears pertinent for researchers seeking to utilize 

the N1b as an index of central gain to calculate and interpret the slope of a within-individual N1b latency 

growth function in order to maximize associations with loudness-related measures. As previous N1b studies of 

hyperacusis (Erinc & Derinsu, 2022; Yukhnovich et al., 2024) have not investigated this index before, and it 

remains unclear whether these studies would also observe hyperacusis-related differences despite either finding 

no group differences in N1b latencies (Erinc & Derinsu, 2022) or not examining latency parameters at all 

(Yukhnovich et al., 2024). Additionally, as hyperacusis, rather than misophonia, was associated with N1b 

latencies at fixed level, it is quite possible that the reduced N1b latencies observed in a previous study of 

individuals with misophonia (Aryal & Prabhu, 2023a) are actually attributable to co-occurring hyperacusis 

(symptoms) in the clinical group, particularly given the higher rates of hyperacusis that occur in individuals 

with more severe misophonia (Andermane et al., 2023), who demonstrated the most pronounced latency 

reductions in Aryal & Prabhuôs study.  

It is interesting to note that N1b latency-intensity growth was entirely uncorrelated with ABR wave 

V latency-intensity growth in our present sample, suggesting that increased central gain in cortical regions does 

not appear to be simply a continuation of increased gain at a ñlower levelò in the ascending auditory pathway 

(despite both independently predicting subjective loudness growth and hyperacusis symptoms). Indeed, it may 

be the case that aberrant latency growth in either brainstem or the cortex would be sufficient to trigger 

hyperacusis, although this speculation remains to be tested in a further investigation. Although it is beyond the 

scope of the current investigation, further analysis of this sample or others with regard to the presence of 

atypical latency-intensity growth at an individual level in brainstem, cortex, both, or neither, relative to DST 

phenotypes, comorbidities, and presumed etiologies may provide additional clues into the specific mechanisms 

governing distinct subtypes of DST that are more granular than those investigated in this current study.  

6.4.4 Cognitive Cortical Event-related Potentials (P3a and PSW/LPP) 

Due to previous work associating unpleasant sound processing to larger P3a amplitudes (Thierry & 

Roberts, 2007) and experimental studies implicating alterations in alerting attention in the pathophysiology of 

misophonia (Frank et al., 2020; Zumbrunn et al., 2023), we hypothesized that P3a component amplitudes would 

be enlarged in individuals with misophonia after hearing chewing sounds in our passive oddball task. Although 

we observed a robust oddball effect for both White noise and Chewing stimuli on this task at frontocentral 

electrodes, we notably did not find any meaningful group differences in P3a amplitudes or dimensional 

associations between Chewing P3a amplitudes and misophonia symptoms. Indeed, the only statistically 

significant effect observed with the P3a was that individuals with higher self-reported hyperacusis symptoms 

also demonstrated higher P3a amplitudes in the White noise condition, which appeared to be a genuine effect, 
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albeit potentially driven by a subgroup of participants with hyperacusis (Supplemental Figure 6.7). These 

findings indicate that a certain subpopulation of individuals with hyperacusis (rather than misophonia) 

potentially find the low-level 3 Hz modulated broadband stimulus used in the current study to be sufficiently 

aversive and/or salient to cause a greatly enhanced orienting response that likely draws their attention away 

from the television program they were watching. Future studies are needed to further investigate the clinical 

characteristics of this subpopulation of individuals with hyperacusis who appear to demonstrate this 

exaggerated orienting response, additionally determining whether their change in attention/orienting is 

mechanistically related to their hyperacusis (i.e., whether neurocognitive alterations in bottom-up attention to 

sounds plays a role in their perception of sounds as uncomfortable) or whether this is an epiphenomenon or 

consequence of their existing sensory disorder driven by another mechanism such as baseline disturbances of 

loudness perception in the brainstem.  

A final ERP component examined in the present study was the PSW (Dien et al., 2004; Squires et al., 

1975), a late positive ERP elicited by ñvery complex or highly emotional stimulié that reflects sustaining 

processing.ò (Kotchoubey & Pavlov, 2019, p. 20). We believe this to be a manifestation of the Late Positive 

Potential (LPP), a modality-independent cognitive potential most frequently analyzed in the visual domain, 

although it has been evoked using emotional sounds (Brown & Cavanagh, 2017; Vormbrock et al., 2024), as 

well as other stimuli such as emotional adjectives and even lines conditioned to have emotional meaning (for 

a review of LPP manipulations, see Hajcak & Foti, 2020). Although the precise neurocognitive functions of 

this potential remain debated, it has been theorized that larger LPP amplitudes reflect more personally 

ñsignificantò stimuli (Hajcak & Foti, 2020), and the underlying brain activity (with generators in amygdala-

connected cortical regions, such as insula, inferior frontal/orbitofrontal cortex, and cingulate cortex; Bunford 

et al., 2018; Y. Liu et al., 2012) plays a role in context updating (Fields, 2023).  

In the current study, we observed that PSW/LPP amplitudes were significantly larger when elicited 

by Chewing compared to both standard tones and modulated White noise, and individuals with misophonia 

also demonstrated marginally higher PSW/LPP amplitudes across all conditions. A two-way interaction 

between misophonia and autism status also approached significance, providing weak evidence of the observed 

misophonia effects on PSW/LPP amplitudes potentially being attenuated or even absent in autistic adults. These 

results indicate that chewing, as a more biologically relevant and easily identified stimulus than pure tones and 

modulated white noise, is identified by nearly all participants as more ñsignificant,ò and although we would 

expect the ñsignificanceò of chewing to be even greater in individuals with misophonia, the increased PSW/LPP 

amplitudes generalized to all auditory stimuli in the task. This may have been due to a general hyper-alertness 

in people with misophonia during tasks in which triggering sounds are presented, which has been suggested by 

prior experimental work on allocation of attention in this population (Frank et al., 2020; Zumbrunn et al., 2023). 
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It is also notable that a trend towards higher PSW/LPP amplitudes were found in the misophonia group in the 

Chewing condition compared to others, although this difference was small and did not reach statistical 

significance. Thus, it may indeed be the case that individuals with misophonia differentially respond to trigger 

and non-trigger stimuli, but this particular study simply was likely underpowered to detect such an effect 

(Sommet et al., 2023). Given the exploratory nature of our current LPP/PSW analyses and the potentially sub-

optimal elicitation of this ERP component in the present paradigm compared to more floridly ñtriggeringò 

audiovisual stimuli used in other studies, we believe further optimization of LPP paradigms for use in the 

misophonia population (and indeed, even reanalysis of Tenesaca, 2022) may demonstrate clear group 

differences in trigger-evoked LPP amplitudes.  

Although far from conclusive, our PSW/LPP results also reveal a potential difference between autistic 

and non-autistic individuals regarding the degree to which misophonia modulates PSW/LPP amplitudes. This 

effect, which was the only autism × DST group interaction to even approach significance out of the many 

tested, indicates that only non-autistic individuals with misophonia appear to demonstrate generally increased 

PSW/LPP amplitudes across conditions, whereas autistic individuals do not. Notably, the number of autistic 

individuals with and without misophonia in the present study was relatively small (15 clinical misophonia, 10 

subclinical misophonia, 8 without misophonia in the autism group), greatly reducing the power of our study to 

detect significant contrasts in a higher-order interaction term and limiting the generalizability of these findings. 

Nevertheless, we believe that if interpreted as appropriately preliminary and unproven, this potential difference 

between autistic and non-autistic individuals with misophonia in PSW/LPP activity warrants further 

investigation and potential replication under different experimental conditions.  

In addition to the effects of misophonia on PSW amplitudes, we also observed a marginally significant 

effect of chronic tinnitus, in which individuals in the tinnitus group (approximately half of whom experienced 

constant tonal tinnitus that was likely perceived while undergoing the ERP experiment) demonstrated lower 

PSW/LPP amplitudes. Similar to the effects of misophonia, we believe this to be related to attentional 

modulation of this response, perhaps due to the presence of tinnitus itself. Because of ñcompetitionò between 

the tinnitus and background task stimuli for exogenous attentional resources (while watching a television 

program), we hypothesize that individuals with chronic tinnitus were less likely to consider externally-

generated unattended tones as ñsignificant.ò In fact, due to the task directions to ñignore the sounds in the 

background,ò participants with tinnitus may have (intentionally or unintentionally) opted to attend to their 

tinnitus as a way of more easily tuning out competing stimuli, resulting in this systematic difference. Though 

it remains unclear whether the effect of tinnitus on the PSW/LPP amplitude reflects a consequence of the 

tinnitus percept itself, an interaction of tinnitus status with the task instructions, or some statistical artifact, we 

believe that future research examining LPP amplitudes within the DST population and other groups where 
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tinnitus is common should consider screening for and covarying for tinnitus status to avoid a potentially 

significant confound.  

6.4.5 Limitations  

Although this study is one of the largest and most comprehensive to date to examine the 

electrophysiologic correlates of DST and its constituent disorders, it is qualified by a large number of 

limitations. As with all other research on this topic, this study is limited by the lack of standardized definitions 

of DST disorders or widely-accepted procedures for diagnosing those conditions. We have attempted to rectify 

this state of affairs somewhat by introducing our own standardized protocol using a formal set of diagnostic 

criteria and a semi-structured clinical interview (the DISSS) to operationalize these criteria, but controversy 

abounds within the field of DST research regarding the essential features of each DST disorder and the 

boundaries between them (e.g., Adams et al., 2021; Jastreboff & Jastreboff, 2023). Indeed, without consistency 

regarding the operational definitions of these conditions, mechanistic studies such as ours are less likely to 

converge with each other or to provide results that can even be compared. Additional phenotypes such as ñpain 

hyperacusisò (Pollard, 2019; Salvi et al., 2022; Williams, Suzman, et al., 2021a), acquired vs. 

(neuro)developmental hyperacusis, hyperacusis with vs. without evidence of peripheral auditory damage, and 

covariates, such as the presence of migraines, mild traumatic brain injury, fibromyalgia, ADHD, anxiety 

disorders, or other specific medical or psychiatric conditions, could also be examined in the current sample and 

may provide further insights into the pathophysiology of DST.  

The sample of participants recruited for this study is also likely unrepresentative of the larger 

population of individuals with DST, with an exceptionally high level of education, above-average intelligence, 

high rates of psychopathology, and heavily skewed race and sex distributions more likely to reflect the sampling 

biases than true demographics of individuals with DST disorders. Our sampleôs female predominance is likely 

at least somewhat due to hyperacusis and misophonia being more common in females rather than males 

(Brennan et al., 2023; Paulin et al., 2016; Smit et al., 2021), but it is also notable that our group of autistic 

participants did not differ in sex ratio from the remainder of the sample despite autism being substantially more 

common in males than females (Bölte et al., 2023; Loomes et al., 2017). Although the autistic and non-autistic 

groups were conveniently well-matched on sex, our sample demographics indicate that male autistic 

individuals were highly underrepresented in the study, likely due to a volunteer bias favoring autistic 

individuals who find the research topic (i.e., DST, which is more likely to be clinically significant in autistic 

females; see Chapter 2) more personally relevant. Notably, females and individuals with the condition under 

study are both more likely to volunteer for a given research study (Dunn et al., 2004). Indeed, almost all autistic 

individuals in the sample demonstrated some degree of DST symptoms, and only two of the 33 individuals in 
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the autism group were judged to have no clinical or subclinical DST disorder when interviewed in-depth about 

these symptoms using the DISSS. Rates of DST in autism based on large-scale studies are substantially lower 

than those obtained in the present sample (Carson et al., 2022; Williams, Suzman, et al., 2021b), and it is likely 

that many autistic individuals without a significant level of DST were not motivated to participate in a time-

intensive protocol primarily aimed at understanding the mechanisms of DST. Future studies should attempt to 

recruit larger and more diverse samples of autistic individuals, additionally attempting to embed auditory 

sensory tasks within batteries of more general psychological or sensory characterization to combat a study 

being only viewed as attractive to individuals with DST.  

An additional limitation of the current study concerns the somewhat atypical ABR paradigm used, 

which included binaural click stimuli rather than the typical monaural clicks used in standard audiologic 

practice. The choice of binaural clicks in the present study was due to the fact that the DST disorders studied 

were presumably central in origin, and therefore, inter-aural differences were of minimal interest relative to 

slightly more ecologically valid binaural stimuli. This paradigm also allowed us to average ABR recordings 

across the two channels (typically ipsilateral and contralateral waveforms) to achieve a greater signal-to-noise 

ratio with fewer stimulus trials. However, presenting binaural ABR stimuli introduces a binaural interaction 

component (Laumen et al., 2016), the negative peak of which (ñɓò) temporally overlaps the wave IV/V complex 

of the ABR and could feasibly contribute variance to the ABR wave V amplitude/latency metrics assessed in 

the current study. Importantly, the finding of prolonged wave V latencies in misophonia has been demonstrated 

in a separate ABR paradigm that utilized unilateral ABRs (Husain & Kim, 2022), and thus it is unlikely that 

this result is simply a methodological artifact. Nevertheless, the contribution of binaural clicks to the generation 

of some of these effects is worth investigating further, and researchers hoping to optimize ABR parameters for 

use in DST populations may wish to consider varying monaural vs. binaural stimulation within-person so as to 

be able to calculate a binaural interaction component and specifically determine its contribution to any putative 

group differences.  

Another limitation of this study concerns the inferences made regarding the differences in DST 

mechanisms between autistic and non-autistic individuals. These effects were tested using regression 

interactions, for which extremely large samples are often needed in order to obtain sufficient statistical power 

to detect effects of modest size (Sommet et al., 2023). Although the large majority of regression interactions 

demonstrated point estimates that were very small and Bayes factors that approached the equivalence bound, 

at the current sample size, it was almost impossible to demonstrate equivalence of any of these interactions to 

zero, and the majority were simply ñinconclusiveò despite not being statistically significant. Thus, although 

preliminary evidence in most cases points toward autistic and non-autistic individuals with DST indeed 

demonstrating the same underlying associations between DST disorders and electrophysiologic measures (and 
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presumably the same relevant mechanisms underlying those associations), it remains possible that certain 

correlates of DST do indeed differ between autistic and non-autistic individuals but were not detected due to 

poor statistical power. In particular, we believe that the association between misophonia status and PSW/LPP 

amplitude (and the degree to which this association generalizes between trigger and non-trigger stimulus) is 

the most promising index of a potential autistic/non-autistic difference in DST correlates, and future studies 

are necessary to determine whether this association replicates in independent samples and across experimental 

paradigms.  

A final limitation of the current study concerns the exploratory nature of the study. The protocol was 

designed to include a large number of statistical tests (without corrections for multiplicity), and many analytic 

choices were made flexibly after examination of the data. Although the present study was somewhat 

hypothesis-driven, covariate and random effect structures were approached in a flexible and exploratory 

manner, rather than all model specifications being decided on a priori. Although we explicitly did not seek to 

optimize any of the models to derive significant results (and with regard to random-effects structures, our goal 

was to reduce computational burden while ensuring sufficient ability to account for effect heterogeneity), it is 

nevertheless important to acknowledge this practice of exploratory model modification (which is prone to 

introducing at least some incorrect model elements that ñcapitalize on chanceò; MacCallum et al., 1992). This 

process is likely to decrease the replicability of any given result at least slightly from our study (relative to us 

having fully specified all models and hypotheses a priori, as in a pre-registration), although we strongly believe 

that it enhanced the quality of the results that we were able to report, given the limited prior literature on this 

topic and the additional analytic flexibility afforded by our present approach. Similarly, with the large number 

of individual hypotheses tested, it is increasingly likely that some of the group differences observed represent 

ñtype Sò (sign) or ñtype Mò (magnitude) errors (Gelman & Carlin, 2014; Shaheen & Liberman, 2018). Should 

researchers wish to undertake more strongly hypothesis-driven research regarding the putative mechanisms of 

DST and its constituent disorders in the future, we strongly believe that practices as study preregistration 

(Nosek et al., 2018, 2019) and Registered Reports (Chambers & Tzavella, 2022) will be helpful to routinely 

encourage within this research area. 

6.5 Conclusion 

DST disorders such as hyperacusis and misophonia represent significant sources of distress and 

disability in both the general population and autistic individuals, and studies furthering our mechanistic 

understanding of DST are a necessary step towards helping those who suffer from these conditions. In one of 

the largest transdiagnostic samples of adults with and without DST disorders to date, and arguably the largest 

to undergo extensive psychological and audiological phenotyping, we demonstrated that both hyperacusis and 
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misophonia (but not phonophobia) are significantly associated with functional alterations in the way the central 

auditory system processes simple stimuli, with these alterations being observed in both disorders as early as 

the upper auditory brainstem. Moreover, autistic adults appeared to largely demonstrate equivalent correlates 

of DST to non-autistic adults, suggesting that the two populations of individuals with DST may share similar 

underlying mechanisms.  

In the present study, hyperacusis was associated with putative electrophysiologic indices of increased 

central auditory gain in both the brainstem and auditory cortex, which were linked to both psychoacoustic 

loudness growth and subjective hyperacusis symptom ratings; this provides some of the strongest evidence to 

date that hyperacusis in humans is truly underpinned not only by pathological loudness growth (ñcentral gainò) 

at a psychoacoustic level but at a neurophysiologic level as well. Misophonia (whether defined categorically 

or dimensionally) was associated with significantly prolonged ABR wave V latencies, indicating that 

differences in low-level sound processing may play a role in its pathophysiology. Though there remains much 

to understand about the association of ABR latencies and misophonia, these changes appear present in 

individuals with both clinical and subclinical manifestations of the condition, suggesting that they underpin the 

phenomenon of ñbeing triggeredò rather than the extremely dysregulated affect and behavioral responses that 

often separate people with more severe and clinically significant presentations from those whose misophonia 

is not a major problem. Misophonia was also marginally associated with alterations in the late positive slow 

wave (PSW) ERP, which we equate to the late positive potential (LPP); these potential differences in PSW/LPP 

amplitudes across conditions could suggest a state of hyper-alertness in some (predominantly non-autistic) 

individuals with misophonia during passive listening. Given the relevance of this potential to emotional 

processing and the high overlap of its putative generators with the brain regions implicated in misophonia, we 

strongly encourage other researchers in this field to further investigate the degree to which LPP amplitudes are 

associated with misophonia and its symptoms in both autistic and non-autistic individuals. Overall, this study 

provides a wealth of information regarding the neural correlates of DST in adults with a wide range of 

etiologies, comorbidities, and severity levels, providing a springboard for more targeted investigation into the 

neural underpinnings of multiple DST disorders for years to come.  
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CHAPTER 6 SUPPLEMENTARY MATERIAL  

 

6.7 Supplemental Methods 

6.7.1 Auditory Brainstem Response Scoring 

The peak latency of auditory brainstem response (ABR) wave V was determined using a peak-picking 

algorithm designed by the first author specifically for the current dataset and validated in a subsample of 374 

scored ABR tracings from 48 of the study participants. The peak of ABR wave V was simply defined as the 

maximum amplitude value within a certain latency range that varied depending on the stimulus presentation 

level (<70 dB SPL: 6.25ï10 ms; 70ï85 dB SPL: 5.5ï8.75 ms; >85 dB SPL: 4.75ï7.5 ms). Comparison of this 

peak-picking algorithm with manual scoring of these peak latencies (using SmartEP software; Intelligent 

Hearing Systems, Miami, FL, USA) demonstrated almost complete agreement between the two approaches 

(ICC(A,1)=0.988, CI95% [0.985, 0.990]; Mdn [Q1, Q3] latency difference: 0.020 [-0.030, 0.050]). Before 

applying the peak-picking algorithm on the full dataset, we linearly detrended each ABR waveform using the 

pracma R package (Borchers, 2023) to further improve peak-picking ability and differentiate waves IV and V. 

After determining the wave V peak amplitude for a given tracing, we calculated the adaptive mean amplitude 

of wave V by taking the mean of all voltage values in a 0.2 ms window centered on the peak latency (i.e., peak 

latency Ñ0.1 ms), after Winsorization of all values Ó3 median absolute deviations lower than the peak amplitude 

value in the region. This value was also subject to a baseline correction by subtracting the absolute voltage 

value at 0 ms.  

In a small number of cases (n=8), some individuals completed only a subset of the ABR blocks, 

typically omitting both fixed-level blocks due to the level being too high for them to tolerate (one participant 

was able to provide data for a single block of fixed-level trials but declined the second block). For these cases, 

we (singly-)imputed the missing peak amplitudes and latencies at the fixed level using the missForest R 

package. Our imputation model included the following variables: participant ID, age, sex, gender minority 

status, language composite, all language and cognitive scores, tinnitus status, select psychiatric and medical 

diagnoses (autism, OCD, tic disorder, PTSD, migraine, traumatic brain injury, tinnitus, hearing loss), number 

of psychiatric/neurodevelopmental disorders, all DST disorder variables, all intensity growth slope variables, 

and all MIST-A T-scores. Imputed scores were used as the input for all statistical analyses, including the 

calculation of wave V amplitude- and latency- intensity growth slopes.  

6.7.2 Electrophysiologic Intensity Growth Slope Calculation 

In order to calculate the slopes of the electrophysiologic amplitude/power-intensity and latency-

intensity growth functions in the present study, we fit Bayesian hierarchical regression models to condition-
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level summary data (either ABR wave V amplitude, ABR wave V latency, ASSR power, N1b amplitude, or 

N1b latency). In each case, the primary dependent variable was the electrophysiologic index of choice (e.g., 

N1b amplitudes), and the primary independent variable was the associated stimulus presentation level in dB 

SPL; models for the N1b parameters were fit separately for data on 500 Hz and 2000 Hz tones. To transform 

the to approximately the same order of magnitude, the ABR amplitude outcome was multiplied by 100 (such 

that the units of the SPL slope were µV/100 dB) and the ABR latency outcome was multiplied by 10 (such that 

the units of the SPL slope were ms/10 dB). All models additionally included a random intercept by subject and 

a random slope of SPL by subject.  

These models were fit in a Bayesian framework using the brms R package (Bürkner, 2017), using a 

Gaussian likelihood, a student-t3 prior on regression intercepts (100 ³ Wave V amplitude: m=0, s=2.5; 10 ³ 

Wave V latency: m=100, s=5; ASSR Power: m=0, s=0.05; N1b amplitude: m=0, s=0.5; N1b latency: m=100, 

s=10), a t3 prior (100 ³ Wave V amplitude: m=0, s=0.25; 10 ³ Wave V latency: m=0, s=0.25; ASSR Power: 

m=0, s=0.005; N1b amplitude: m=0, s=0.1; N1b latency: m=0, s=0.5) on regression slopes (i.e., SPL fixed 

effects), an exponential prior (100 ³ Wave V amplitude: l=5; 10 ³ Wave V latency: l=5; ASSR Power: l=50; 

N1b amplitude: l=10; N1b latency: l=5) on the standard deviation of random effects, and a LKJ(h=2 for all 

except ASSR power, for which h=5) prior on the random-effect correlation matrix. All models were estimated 

via Markov chain Monte Carlo (MCMC) using the No U-turn Sampler (Hoffman & Gelman, 2014). Posterior 

distributions of all parameters were generated using 24,000 post-warmup MCMC draws from twelve separate 

Markov chains, and the posterior median of the distribution of the subject-specific SPL term was used as an 

estimate of the condition and outcome-specific intensity growth slope. Only point estimates of each growth 

slope were carried forward for use in further statistical testing. As an assessment of the reliability of the N1b 

growth slopes, we calculated the intraclass correlation of the mean growth slope for both the amplitude-

intensity slope and latency-intensity slope across frequency conditions. These reliability values were good for 

both amplitude growth (ICC(A, 2)= .837, CI95% [.677, .908]) and latency growth (ICC(A, 2)= .851, CI95% [.504, 

.935]).  

6.7.3 Event-related Potential (ERP) Processing 

 Data were first downsampled from 1,000 Hz to 250 Hz and manually trimmed to exclude the time 

before and after event tags were observed. ERP data were then processed using a version of the Automagic 

(v3.0) pipeline (Pedroni et al., 2019) with specifications given in Supplemental Table 6.6. Notably, the PREP 

pipeline (Bigdely-Shamlo et al., 2015) was used as a part of the Automagic data cleaning pipeline, and default 

parameters were used for PREP, with the exception of ñignore boundary eventsò being toggled on, which 

allowed us to run the pipeline on the trimmed data files. Automagic was employed as a plugin within EEGLAB 



311 

   

 

 

 

311 

(Delorme & Makeig, 2004) and launched from within the EEGLAB graphical user interface. After successful 

processing of each file via Automagic, we re-referenced each file to the average of all included channels, shifted 

all event tags by a constant of 344 milliseconds (based on the results of separate stimulus timing experiments), 

segmented the continuous EEG data into epochs (-300 ms pre-stimulus to 1000 ms post-stimulus), and baseline 

corrected each epoch using the mean value in the -300ï0 ms range. Artifact detection techniques implemented 

in ERPLAB (Lopez-Calderon & Luck, 2014) were then used to flag individual epochs for rejection. The 

following artifact detection algorithms were implemented (based on guidance in Luck, 2022): 

1. General bad channel detection: Absolute amplitude function that rejected any epoch with absolute 

amplitude greater than ±200 µV at any channel during the epoch  

2. General bad channel detection: Moving window peak-to-peak function (50 ms step) that rejected 

any epoch that demonstrated a 100 µV difference or more within 200 ms in any channel  

3. Blink detection: Step function (10 ms step) that rejected any epoch with a change of 50 µV or more 

between two halves of a 200 ms window in one of the four VEOG channels (E14, E21, E126, E127)  

4. Eye movement detection: Step function (10 ms step) that rejected any epoch with a change of 32 µV 

or more between two halves of a 200 ms window in one of the HEOG-like channels (E1, E32, E33, 

E38, E120, E121, E122)  

5. Flat line detection: Rejected any epoch that had data remain within 1 µV of the maximum/minimum 

value for 500 ms of the epoch at channels Fz (E11), FCz (E6), Cz (E128), and Pz (E62) 

 

Individuals with at least 20 artifact-free trials of all event types had their epochs in each condition averaged 

pointwise, and single-subject tracings from each epoch type were exported for use in exploratory factor 

analysis. 
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Supplemental Table 6.5: Processing Parameters for Automagic EEG Processing Pipeline 

 

Automagic Section Parameters 

Excluded Channels 48, 49, 56, 63, 68, 73, 81, 88, 94, 99, 107, 113, 119 

Bad Channel Detection 

PREP Pipeline 

Residual bad channel detection 

High Variance: 25 

Min Variance: 1 

Rejection Ratio: 0.5 

Cutoff: 100 

Artifact Correction 

Temporary high pass filter (2 Hz cutoff, default filter 

order) 

ICLabel Algorithm 

Exclude if P(Muscle) > 0.8 
Exclude if P(Eye) > 0.8 

Exclude if P(Heart) > 0.8 

Exclude if P(Line) > 0.8 

Exclude if P(Channel) > 0.8 

Interpolation Spherical 

Filtering 

Line Power: ZapLine method 

3 components, 60 Hz frequency 

High pass: pop_eegfiltnew() function 

0.1 Hz, default order 

Low pass: pop_eegfiltnew() function 

30 Hz, default order 

6.7.4 N1b Peak Selection 

In order to determine the peak of the N1b ERP, we utilized the calculate.gold function in the doremi 

R package (Denis et al., 2021) to calculate the second derivatives of ERP time series between 36 and 164 ms 

post-stimulus. Points were flagged as potential N1b peaks if (a) the absolute amplitude at that point was less 

than +0.5 µV, (b) the second derivative of the ERP time series was positive at a given point, and (c) the second 

derivative at a given point was greater than the second derivatives of the two closest points to the left and two 

closest points to the right of a given point. If no points were flagged using the above conditions, the minimum 

voltage between 36 and 164 ms post-stimulus was flagged as the potential location of the peak. At this point, 

any flagged points that were on the boundary of the latency region (either 36 or 164 ms) were removed, leaving 

potential responses of 40ï160 ms. If multiple local minima (based on the above criteria) existed for a given 

waveform, the most negative one was chosen as the likely N1b peak. Adaptive mean N1b amplitude was 

calculated by taking the unweighted average of all voltages in a 40 ms window centered on the peak latency 

(i.e., the peak latency ±20 ms). 
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Supplemental Figure 6.5: Temporal Exploratory Factor Analysis Loadings and Mapping of Components Used in Present Study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

Tracings reflect unstandardized loadings of each timepoint within the EEG waveform on each latent promax-rotated factor/component within the temporal 

exploratory factor analysis (tEFA). Highlighted (groups of) components represent the P1/N1 complex, the P3a, and the late Positive Slow Wave (PSW). 


















































































