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1 CHAPTER1

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 €rehce: NBR3989)All authors of the original paper
are aware of the paperds adapt at iThearti€leofromwhichttsis pur pos
chapter is adapted can be found at: Williams, Z. J., He, J. L., Cascio, C. J., & Woynar@ki2021). A
review of decreased sound tolerance in autism: Definitions, phenomenology, and potential mechanisms.
Neuroscience & Biobehavioral Revievt®1, 1i 17. https://doi.org/10.1016/j.neubiorev.2020.11.030

1.1 Introduction

Autism spectrum disorddrh er eaf t er referred t o as Afauti smo
neurodevelopmental condition characterized by difficulties with social communication and the presence of
restricted, repetitive patterns lo¢havior, interests, andativities (American Psychiatric Association, 2022;
Lord et al., 2020). In addition to these cardinal features, aypistiple commonly find a number of
everydaysensory stimulto be quite aversive (BeBasson et al., 2009, 2019; Cascio et al., 2016;Uslelna
& Bennetto, 2016; Williams et al., 2023), andthiscsa | | ed fAsepr8aotyvhypéris now c
core feature of the condition (American Psychiatric Association, 2022; Lord et al., 2020). Although sensory
hyperreactivity can be present inyamodality (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 thpremakint, persistent, and disabling
sensory features of autism (Danesh et al., 2021; Poulsen et al., 2024; Stefanelli et al., 2020; Stiegler & Davis,
2010). A recent metanalysis estimated that the current prevalence of DST in the autistic popul&@®n is
45%, with 5070% 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 frath individuals with Autism Diagnostic Interviéw
Revised interviewsN=4101, agesib4) within the National Database for Autism Research (Carson et al.,
2022). In one of the largest single studies prospectively investigating this phenotremoat 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 ID&dted challenging behaviors daily
or weekly, and over one third had physically regithemselves or others as a result of these behaviors (Law
et al, 2016).

Even when not a safety concern, DST contributes significantly to auwtisted functional
1
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i mpairment, as many caregivers report t hat t hei
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). Furthermoresrsions 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; Stromberg et al., 2022). DST sympta@utism 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 eR8R2; R. S. Smith & Sharp, 2013). Notably, although autism is
also associated with hyporeactivity (i.e., reduced responses) to everyday auditory stimSlagBen et al.,

2009, 2019; Law et al., 2016; Watts et al., 2016), this response patterreissfarévalent 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
impairmentappear 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 oguality of lifein this ppulation.

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 thismptom (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 evidencebased intervention in this area is the fact that the underlying meohaiof autisrassociated
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; Kodget 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 disturbandew-level auditory processing, abnormally
strong emotional reactions to specific auditory stimuli, or a combination of the two. The purpbie of t
introductory chapter ito 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 neuradoagmodels to explain the phenomenon of
DST in autism. By doing so, we aim to geate 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.
2
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1.2 Definitions

The terminology used to describe DST in the medical literature has been extremely varied, with the
wordshyperacusigFagelson & Baguley, 2018b; Salvi et al., 2022; Tyler et al., 2Gh&ophonia(P. J.
Jastreboff & Jastreboff, 2015; Schréder et al., 2013; Swedo et al., p@dRpphobigHenry et al., 2022;
Mgller, 2011; Phillips & Carr, 1998auditory ovefresponsivity(Carson et al., 2022; Tavassoli et al., 2019;
Van Hulle et al., 2012)oise sensitivit{Dzhambov, 2015; Kliuchko et al., 2016; Staidf 1992)auditory
defensivenesfGoldsmith et al., 2006; Kern et al., 2006), noxacusis (Auerbach, 2019; M. B. Wood et al.,
2024), and noiseauditoryhypersensitivityFodstad et al., 2021; Gomes et al., 2088lused to describe
broad and specifipatterns of sound intolerance across populations. The terminology used to describe DST
as a symptom dadutismspecifically has also been highly inconsist@abmes et al., 2008; He et al., 2023,
Landon et al., 2016; Stefanelli et al., 2020; Stiegler & Daw402 Tavassoli et al., 201€#)us, 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 textn this topiqFagelson & Baguley, 2018a&eparatinddST and its constituelisorders
into hyperacusignisophonia, anghonophobigTable 1.1; also see Henry et al., 2022; Jacquemin et al.,

2024 for similar frameworks).

1.2.1 Hyperacusis

Hyperacusis is defined here asaund tolerancdisorder 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 unpleasams@tpainful, and/or overwhelming, and these sounds
are often perceived as much louder than they typically would be experi@faddell et al., 2019)This
definition is more expansive than many that have previously been proposed, which have tendesl to fo
exclusively on the perception of moderate intensity sounds as overlyHaalrell et al., 2017; Phillips &
Carr, 1998; Tyler et al.,, 2014)n their pivotal review on the topidyler et al. (2014proposed that
hyperacusis could be separated into four subtypes characterized by loudness, annoyance, fear, and pain,
occurring either singly or in combinatioNotably, most of the major definitions of hyperacusis published in
the past decade since Tyl erds r ehagesom& Bayuley,r2a@8agt al
Henry et al., 2022; Schecklmann et al., 2024) have further been modifiéftetentiate hyperacusis from
both misophoniag disorder in whicks pe ci f i ¢ f tevokegdgpEopadtionatelyustrathg emotional
responses ofinger, extreme annoyancand/or disgust) and phonophobia (a persistent, abnormal and
unwarranted fe@phobiaof certain sound®r soundrelated situations As such, within our framework,
hyperacusis refers specifically tiee subtypes of loudness hyperasasidpain hyperacusis, whereas the

terms misophonia and phonophohbia proposed to refer to the constructarmioyance hyperacusisdfear
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hyperacusis proposed by Tyler et al., respectively.

Furthermor e, despite the consensus definition
sensitivity,o it is wel!/l established that patients
in the psychoacoustic sense (i.e., lower auditotgamn thresholds), and that many raastistic individuals
with hyperacusis exhibit some degreenefiringloss(Anari et al., 1999; Jahn & Polley, 2023; Sheldrake et
al., 2015)Within the framework proposed Ward(2019) a distinction is made betwesnbjectivesensory
sensitivity (i.e., higher selfeported intolerance of sensory stimuli), negeisory sensitivity (i.e., increased
neuralresponses evokdmy a given sensory stimulus), abehaviorakensory sensitivity (i.e., lower
thresholds for sthu | u s detection and/ or discrimination). Ho
sensitivityo are generally unr el(Bohkerdetal.o2016;dantop ot her
et al., 2016; Dwyer et al., 2022, 2023; Gravel et al., 20Q&jdd et al., 2018; C. R. G. Jones et al., 2009;

Kuiper et al., 2019; Millin et al., 2018; Tharpe et al., 2008) believe the use of this single term to describe
constructs at the behavioral, perceptual, and neur a
(Dang et al., 2020np whichme asur es of fisensory sensitivityo at di
construct(see also He et al., 2023 for broader discussion of terminology regarding the sensory features of
autism) Therefore, in accordanedgth Tyleretal. (2014yve refrain from using the t
to describe hyperacusis or any other form of DST, and we encourage autism researchers to use the term
isensory sensiti vi lehaviorastmulys detdetiomor diserimi@ation thregholds o

Loudness hyperacusis is a condition in which the threshold for loudness discomfort is reduced and sounds of
moderate intensity are judged to be very Iq@hillips & Carr, 1998).Psychoacoustically, loudness
hyperacusis can be thought of as an increased slope of the loimtrasty 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; Norefla & Chei@roze, 2007) This condition is distinguishable frolaudness

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

due to outer hair cell dama@Buus & Florentine, 2002; Fowler, 1965; B. C. J. Moore et al., 198&ably,

in |l oudness recruitment, the | oudness of a sound #dc
levels the loudness growth functions of recruiting and nehmating ears will agaioverlap (B. C. J. Moore

et al., 1985)This contrasts with loudness hyperacusis, wheeslope 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; Norefia & Chergze, 2007)

Pain hyperacusi§Salvi et al., 2022; Tyler et al., 2014; Williams, Suzman, et al., 202180
referred to as noxacusfduerbach, 2019; M. B. Wood et al., 2024 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



Tablel.1: Comparison of Hyperacusis, Misophonia, and Phonophobia

Hyperacusis Misophonia

A sound tolerance disorder in
A sound tolerancdisorder in which individuals have excessiv
which sound of moderate and inappropriate emotional
intensity is perceived as responses to s
excessively loud, painful,  sounds (e.g., chewing, tapping
and/or overwhelming. sniffling), even when presented
a low level.

Definition

Limited to specific

Yes
sounds

No

Primary response to  Excessive loudness sensatic Anger, disgust, and/or extreme

sound and/or pain in ears/head irritation, autonomic arousal.
Psychoacoustic Steeper loudness growth, Normal
loudness perception reduced LDL
Influence of ;
contextual factors Low High
Results in avoidance

: Yes Yes
behavior
Associated with

Yes Yes

psychopathology
Occurs secondarily to Cochlear hearing loss, noisi Unknown

trauma, brain injury

Aberrant motor representation,

Amplification of low-level resulting in elevated connectivit

Proposed sensory information resulting . :
- ; between motor areas and insul
neurocognitive in a steeper growth of . .
; S . cortex, and increased signal
mechanism subjective loudness with

propagation to amygdala and

increasing sound level. -
9 autonomic control areas.

Primary/secondary auditory Premotor cortex, Supplementar

Implicated brain cortex, Inferior colliculus, motor area, Insula, Inferior fronte

regions Auditory brainstem (superiol gyrus, Cingulate cortex,
olivary complex) Amygdala

!ncree}sed prevalence Yes Yes

in autism

Unique

pathophysiology in Yes No

autism

Phonophobia

A specific phobia of particular
sounds or classes of sounds,
resulting in anticipatory response
and avoidance of potential soun
sources.

Yes

Fear and/or panic, anticipatory
anxiety

Unknown (possibly reduced LDL

High

Yes

Yes

Hyperacusis, reactive tinnitus,
misophonia, posttraumatic stres
disorder, other anxiety disorders

Pathological fear learning,
combining excess attribution of
threat to specific sounds with poc
experiencedependent extinction.
Maintained by avoidance of feare
stimulus.

Amygdala, Hippocampus, Anteric
cingulate cortex, Ventromedial
prefrontal cortex, Anterior insulai
cortex, Bed nucleus of the stria
terminalis/extended amygdala

Yes

No

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

loud).



far below those needed to cause pain in a typical lisigeerapproximately 120 dB sound pressure level
[SPL], as loud as the front row of a rock concert; Plutchik, 198B)ough the character of the pain varies
greatly across individuals (e.g., dull ache, burning, sharp, stabbing, or throbbir§} 6Rhyperacusis
patients responding to an online survey reported experiencing ear pain at lea@VdizEyns, Suzman, et
al., 2021a)lt is currently unclear whether the pain experienced in this tond the same pain experienced
by typical listeners at extremely high sound leyal®rm of souneévoked headacher an entirely separate
phenomenon with distinct neurophysiologic substrates. Recent discoveries have implicated the population of
type Il cochleaafferent neurong mediating the perception of noxious or painful auditory stirfitlbres
et al., 2015; Liu et al., 2015; M. B. Wood et al., 201t the role of these cells in pain hyperacusis remains
to be determined.

Throughouthe remainder of this dissertation t he t er m fihyperacusi so wil/l
to both loudness and pain hyperacusis, regardlegsresfumedneurological, 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 paralysi§ a condi ti on ter med fdysupedorssnmicscilarbapal Tyl er
dehiscenc¢ B. K. Ward et al., 2017), and M®ni rebds disea
intolerance, as these represent disorders of the peripheral auditory system with known pathology that differ
phenomenologically anidymechawsisso cwawe |l wi flrodhi s hhes s F
il oudness hyperacusi so and fApain hyper ahgperadusiso wi | |
subtypes although the majority of research on this topis mat grouped individuals by loudness/pain

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

1.2.2 Misophonia

Misophonia, also called selective sound sensitivity syndidieal & Cavanna, 2013y annoyance
hyperacusigTyler et al., 2014)s a recently described sound tolerance disorderhich individuals have
excessive and inappropriate emotional responses t
sniffling), even when presented at a low level (Brout et al., 2018; Claiborn et al., 2020; Jager et al., 2020;
Palumbo et al., @8; Schroder et al., 2013; Swedo et al., 20ZBg specific triggers and &ir 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 irrit@leger et al., 2020and increased
autonomic arousgEdelstein et al., 2013; Kumar et al., 2017; Swedo et al., 2088per stimuli are often
repetitive and primarily, but not exclusively, include stimuli generated by another individual, especially those
produced by the human bod$wedo et al., 2022Moreover, individua with misophonia can sometimes

experience qualitatively similar or identical Amiso
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of a person chewing can trigger anger and physical sensations, even in the absence of a sound), a phenomenon
t hat has been t(daswalectal., 2021; Patgietemet a.,i 2618). Importantigophonic
responses do not seem to be elicited by the loudness of auditory stimuli, but rather by the specific pattern or
meaning to an individualSwedo et al., 2022)riggering sounds alsdo not seem to typically evoke a
response when produced by the individuals with misophonia them¢ebtggeter etl., 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 (Sweo 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 oneselfpay also further contribute to impaient, depending on the (often significant) personal costs
of those actionsMisophonia symptoms are typically first observed in childhood or early adolescence
(Potgieter et al., 2019; Swedo et al., 202R)populatiorbased 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 2002AM. M. Jastreboff & Jastreboff, 2002lowever, it was not until 2013, when diagnostic
criteria for this disorder were proposed (Schréder et al., 2018)misophonia began to attract the attention
of researchers in psychologysychiatry, andudiology.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 misephonia i
still not recognized as either a psychiatric or general medical condition within any official classification of
such disorders, such as the American Psychiatric As
Disorders (DSM5-TR; American Psycghat ri ¢ Associ ati on, 2022) or t he
International Classification of Diseases (1dD; World Health Organization, 2019/2021lthough
misophonia research remains in its infancy, there is sufficient evidence to indicate that nisgsaplzo
distinct behavioral syndromigom autism, hyperacusis, and major psychiatric disortte&scan result in
substantial distress and functional impairment (Brout et al., 2018; Jager et al., 2020; Potgieter et al., 2019;

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

1.2.3 Phonophobia

The term phonophobi a, literally meaning Afear
describe fAmigraneur phonophobia, ¢ the sound intol
(Ashkenazi et al., 2009; Evans et al., 2008; Kalita et al., 202fgevi et al., 1998). However, in the current

framework, we define phonophobia aspeecific phobiaf particular sounds or classes of sounds, resulting
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in anticipatory responses and avoidance of potenti
Baguley, 2018a; Jacquemin et al., 2024; Landgrebe & Langguth, 2011; Mgller, 2011; Stiegler & Davis,

2010). Our definition of phonophobia is nearly synooyms wi t h t hat of Tyl erds (20¢C
whereas the fiphonophobiad described in migraine cou
loudness hyperacusis (Suhnan et al., 2017). Notably, our definition of phonophobia is disotsithat
provided in the prominent review by Henry et al . (
condition of discomfort caused by a physical sound
anxiety, discomfort, or pain dhat will exacerbate an existing auditory disorder (hearing loss, tinnitus,
hyperacusi s, mi sophoni a, or noise sensitivity).o
experiences with sounds and may even manifest a portion of the time; howewvderifor 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 ofpmmophobia DST symptoms. In

addition, although a feaf 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
woul d expect for t hat i ndi vi dPayahiatics Assbaation, | 2022)me nt a |
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 byefar 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 nmeypenter painful or otherwise distressing

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

2020; Juris 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
astable (dimensional) personality traith at moder at es oneds reactions to
al., 2022; Stansfeld, 1992). Itis not, howevdr,maue fisensory sensitivity, o as t
detection thresholds (Stansfeld et al., 1985). Defined byb ( 199 9 , p . 58) noi se sen
internal states (be they physiological, psychological [including attitudimaiglated to lifestyle or activities
conducted) of any individual which increase their c
is thought to influence the degree to which a person finds any given noise annoying or intolerabletjineespe
of overall noise exposure (Kliuchko et al., 2016; van Kamp et al., 2004). Compared to the general population,
noisesensitive individuals attend more to noises, find noises more threatening and out of their control, and

adapt to noises more slowlytédsfeld, 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
selfreports of hyperacusis symptoms and noise sensitivity may correlate highly in some populations (Bigras
et al., 2024; Viziano et al., 201 Notably, although most noisensitive 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 faudert ®spyponeifeinsyyvenas siot amaf
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 (E6&gr
mi grai neur phonophobia (Vingen et al ., 1998) , M®n
semicircular canal dehiscence syndrome (B. K. Ward et al., 2017), dysacusis (Phillips & Carr, 1998),
functional audiogenic seizures (Jacquemin gt2dl24), diplacousis or polyacousis (rare hearing conditions
in which sounds are perceived multiple times; P. J
(i.e., tinnitus that is significantly exacerbated by exposure to environmental s@in8s;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 wedlligned to the framework used in the most prominent review of DST conditions
published in the <c¢clinical audiology |iterature to
framework, the personality trasf noise sensitivity isotincluded within our dfinition 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
condtions that make up our DST spectrum. Similarly, individuals with chronic subjective tinnitus are not
necessarily classified as having DST, although comorbid hyperacusis (Scheckimann et al., 2024) and
phonophobia (Blaesing & Kroenéterwig, 2012; Landgreb& 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 describeptienomenologp f an i ndi vi dual 6s sound i n
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 @itory stimuli seen in individuals on the autism spectrum, as it is
currently unclear whether thebehaviorsare due to hyperacusis, misophonia, phonophobia, or some

combination thereof (Stiegler & Davis, 2010). As we argue in the following sectiohresl tonditions 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 afRianesh 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 firgterson accounts of autispeople contain descriptions sdfibjective DSTBemporad,
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., 20R;S. Smith & Sharp, 2013; Stiegler & Davis, 2010; Volkmar & Cohen,
1985), butt hese accounts often do not provide enough de
confidently classify the reported DST lagperacusis, misophoniat phonophobia. Anotableexception is
the qualitative study by Landon and colleagues, which focused exclusively on the phenomenology of DST
in autistic adultgLandon et al., 2016)n this study, researchers interviewed ten adults with diagnosed autism
andsefr eported DST, asking questions about the partici
that they felt caused their distress, specific events that producesivaveactions, and strategies employed
to cope with sounds in everydayelifParticipants consistently regarded loud, sharp, or otherwisititied
sounds to be the most distressing, though several also indicated that specific sounds elicited strong emotional
reactions regardless of level. The authors concluded thap the t i créppriec éxgedences were
consistent with both hyperacusis and fian intoleran
avoidance also played a prominent role in the part
participants likely would be considered to have phonophobia as well.

Another frequently reported symptom in the study conducted by Landon and collé@fi@svas
a tendency to be easily distracted by noises, even in innocuous or quiet situaltioosgh 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, 28ldeover, auditory
distractibility is likely mediated by highearder cognitive factors such asrking memory cagacity and
selective attentiofSorqgvist, 2010; Sérqvist & Marsh, 2015; Sorqvist & Ronnberg, 2014), which are known
to differ in the autistic populatiofHabib et al., 2019)Individuals with attentiordeficit/hyperactivity
disorder (ADHD) are also particularly susceptible to the effects of auditory distra@wulaudFranchi
et al., 2015; Pelletier et al., 2016; Zentall & Shaw, 19803, the high prevalence of-oacurring ADHD in

autistic children and adults (Lai et al., 2019; Ltidarin et al., 202) may contribute to the high rates of
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auditory distractibility seen in this population. A failure to habituate teléaxel sounds may also play a role,
as preliminary work has demonstrated reductions in simple loudness adaptation in autistic adults relative to
neurotypical control§Lawson et al., 2015Alternatively, 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 laboragmgdcauditory detection taskBrinkert
& Remington, 2020; Remington & Fairnie, 201Auditory distractibility is additionally a known correlate
of noise sensitivity (Belojevil et al., 1992; Kjel
distractibility seen in autism could potentially contribute to more autistic ingilédleveloping a high
degree of trait noise sensitivitlowever, as the correlates of auditory distractibility in autism have yet to be
empirically tested, these relationshigmain purely speculative.

Two recent studies by Scheerer and colleagues have also surveyed both caregivers of autistic
children/young adults with DS{Scheerer et al., 2022nd autistic adults with DS{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 foem@tlence of DST in autistic individuals being consisten
with a mixture of hyperacusis, misophonia, and phonophobia, with hypertikassgmptoms appearing to
be more prevalent and associated with a great deal of secondary anxiety/stress. The studypoftaedif
adults utilized previoushyalidated selreport measures of hyperacusis and misophonia, demonstrating that
56% of autistic adults with sefeported DST exceed the clinical threshold for hyperacusis, 30% exceed the
clinical threshold for misophonia, and 26% exceed the threshold for both dissirdeltsineously. 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 §8thersrer
et al., 2022, 2024).

In sum, the most detailed phenomenological account of DST in auiswell as two kdepth
survey studies of autistic children and adutidicate that the auditory challengestie broader autistic
population encompass hyperacusis, misophonia, phonophobia, and potentially noise sensitivity as well
(Landon et al., 2016; Scheerer et al., 2022, 202dgordingly, questions of whether the DST seen in autism
is physiological or psychological in origi(Stiegler & Davis, 2010)present a false dichotomy, as
abnormalities in lowelevel perceptual processes (i.ludness disturbances putatively responsible for
hyperacusis) and highdégvelcognitive processdse., differences in affect, attention, or enutive
functioning putatively responsible fanisophonia and phonophobia) each likely contribute to DST in a
portion of autistic individual¢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,3i{l ).

remains possible that a fAdominanto pattern of soun
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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 (0O6Con
Tyler et al.,, 2014). Furthermore, when autistic fdeocomplete standardized sedport questionnaires
assessing hyperacusis symptoms, they routinely endorse higher symptom levels thatistiorcontrols
(Bang & Igelstrom, 2022; Danesh et al., 2015; Dunlop et al., 2016; Keith et al., 2019; Schakreoay).

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 ploglly 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 thdils who experience physical

pain in response to everyday souads extremely limitedThe one study to date with such dg@aheerer et

al., 2024)reported that 13% of their autistic adults with DST reported sauuted pain on fregext
descriptions of their DST, whereas 54% endorsed fipe
response to sound (a potentially agensitive marker)Additional research is therefore needed to assess the
prevalence of sounithduced pain and pain hyperacusigshe autistic population more clearly.

Alternatively, several studies indicate that loudness growth functions assessed via categorical
loudness scaling are steeper in persons on the autism spébDumiop et al., 2016; Khalfa et al., 2004;
Ohmura et al., 2019), confirming the presence of loudness hyperacusis in those participants.aotalyly,
by our group of 243 patients with se#fported hyperacusis contained four individuals on the autism spectrum
(Williams, Suzman, et al., 2021a)vo of whom reported pain hyperacusis (one with condomisophonia
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 (twodness, 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 individualsemqieg 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 remrtistic controls (Demopoulos & Lewine, 2016; Khalfa
et al., 2004; Rosenhall et al., 1999; Steigner &IRyYR014). 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 loudsesf an 80 dB nHL broadband click (compared to 0% ofragtched

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

enhanced loudness perception in autism, reporting that 63% of their autism group hadipire tones

below 80 dB HL. In a highelQ 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 beletwh e neur ot ypi cal groupbs mean in at
(2014) also reported the case of an autistic man with profoundly reduced tolerancdrefjloency sounds,

confirmed by abnormally low LDLs to tones in the low frequencies and naiad in the high frequencies
(062000 Hz) . Two additional studies have used behav
children, finding that only a small minority of individuals exhibited behavioral signs of distress when exposed

to highlevel 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 soundsas uncomfertalh ut f ai |l ed t o communicate th
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 hgpisracusi
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 auissociated 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 halrdaghage), 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 spegadation 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 liérature 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 (Alcantara et al., 2012; Bonnel et @lQ;2C. 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 discriminatidism 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 Igralmtss

curveswould exhilit superior intasity 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 ndiness

intensityperception.

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 thedmrice demonstrating the overlap of autism and misophonia
has been published in case reports (Haq et al., 2021; Pan et al., 2022; TBaatelgt al., 2023), which do
provide detailed descriptions of individuals with both conditions and often successftrhént 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 desibed by Jager et al. (2020), 14 of 575 (3%) were diagnosed with conaotisch
spectrum di sorder. Notably, individuals with #Apri me
evaluation were excluded from the sample (i.e., misophonia in therefotoned 14 individuals was judged
to be fiseparated from autism), indicating that the
substantially larger. Additionally, rates of autism in unselected samples of misophonia §@labtsn et
al., 2020; Lewin et al., 2024ave been reported at B%63%, somewhat higher than thie3% of the general
US population typically estimated to have auti@ietz et al., 2020; Maenner et al., 2028)ore direct
evidence of misophonia in a significant portiohautistic individuals comes from the study of Scheerer et
al. (2024), in which 30% of a sample of autistic adults withiegdbrted DST (of any kind) met criteria for
clinically significant misophonia using the Misophonia Questionnaire (Wu et al., .28dddher study by
Bang & Ingelstrom (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 notalig not include misophonia triggers but nevertheless described typical
misophonia i k e r evlaen intensety dothBred by a sound or soundls To dat e, the only
prevalence estimate in a sample of autistic people not enriched for DST was conducted by our group in the
validation study for the Duk¥anderbilt Misophonia Screening Questionnaire (DVMSQ); Williams et al.,
2022); in this sanple of 936 autistic adults, 35.5% met DVMSQ criteria for misophonia, as opposed to 7.3%
of general population adts in a comparison sample=(1403).

A number of personal accounts also support the contention that autistic individuals with DST may
be experiencing misophonlike symptoms (Cesaroni & Garber, 1991; Grinker, 2007; Landon et al., 2016;
A. E. Robertson & Simmons, 2015; R. S. Smith & Shar@320A 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 | sabel 6s r-eleangandthe sbunds af pegainiwbrdsc s o u n

éshe stildl hates certain sounds, |l i ke a baby
seatbelt isndét fastened, or the sound of a b
gets agitated, holds her hands over her ears, and vocalizes to block out theSfmund.

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

words associated with bathing, such as fdbath
2007, p. 299)

Other examples have been published of autistic adults reacting strongly to sounds considered to be
common misophonic triggersi S ma | | noi ses annoy me, l' i ke breathin

whistling é i {A BnRdbertson 8n®@mmorst201p,d. 575) or describing experiences of

being emotionally Atriggeredd by sounds in a way tF
€ there is all this energy racing around i ns
these thingsé its building up inside and you
gui etd or whatever and candét be jumping up a

etal., 2016, p. 47).

Remarkably, many of these individuals reporting misophblkéa 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 botlisaphonia and hyperacusibhese 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 ignif
hyperacusis on standardized questionnaires (see also Williams et al.,Q@2&ll, these results together
provide substantial evidence that at least some cases of DST in autism are likely due to misophonia, although
additional research is neededore preciselgstimatehe prevalence of misophonia, itseocurrence 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) , prese
fatypical o fears that 2014 20L6nKergsudeKendall, 2@18; B.iYsLauefaK,er ns ¢
2020; Rodgers et al., 2016; Scahill et al., 2019; J. J. Wood & Gadow, 2010). Among thesespeitigia
fears, a number of studies have listed loud noises (either loud noises in general or speeffisuntisas
toilets fl ushi ng)spexificphobig-odstddjetealc, 20219 Gjevik et al.h2011;dKérss 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; Ozgadjian et al., 2012), and multiple autispecific 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, witime large study finding that 28had 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 shydyaw et al. (2016) were reported

to become fiscaredodo (55%) or fAnervouso (54%) in resft
the prevalence of phonophobia in adults on the autism spectrum (Simonoff, 2020), but qualitative reports
indicate that rany autistic adults continue to experience anxiety in responkeidonoises, 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 cdinical 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 besstimate diagnosis fad#iting successful treatment with a protocol of
modified cognitivebehavioral 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 peroeptiAs noted byastreboff 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-eksting hyperacusis. However,
these authors argued that most B8&ted impaiment 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 thewithograded
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 senddced discomfort and anxiety, whereby
interventions targeting either hyaeusis or phonophobia symptoms have the potential to reduce symptoms
in the other domainNotably, as cognitiv®ehavioral case formulations of hyperacusis appear to target
anxiety surrounding sound exposyfeazh et al., 2019; Jiris et al., 2014his mgy be one mechanism
through which cognitivdsehavioral interventions for hyperacugighich appear to reduce both hyperacusis
and phonophobia symptoms; Jiris et al., 2@yt their effectsThere exists evidence in animal models of
chronic stress hormone exposure producing behavioral evidence of loudness hypévienaiar et al.,

2023) which is further supported by evidence of acute stress decreasing LDLs in some ind{iHdaatm

et al., 2013) and a portion of hyperacusis patients reporting signifit sy mpt om exacerbatio
that occur secondary to stress (Williams, Suzman, et al., 2@deguse of this presumed relation between
stress/negative affect and loudness tolerance, we believe that interventions aireedcatgphobic

anxietycould feasibly improve both the emotional reaction to the feared sound and its perceived loudness.
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However, agxistingstudiesof exposurebased 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 hyperacsisit all, and thus that treatment of phonophobia was sufficient to
eliminate all DST in those individuals. Additional research is necessary to deemmether autistic people

with psychoacousticallgonfirmed hyperacusis can experience a reduction in subjective DST from

interventions targeting phonophobia or anxiety in general.

1.4 Potential M echanisms ofDecreasedSound T olerance inAutism

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 thauditory systenmave been demomated 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; O6Connor , 2012; Pillion et al ., 20,bdfew Wi | de ¢
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 multmodalitysensory eact i vi ty or 0 gMotireanetsak, P0O0G] Rellichnof&f er enc
Burr, 2012; C. E. Robertson & Bar@ohen, 2017; Van de Cruys et al., 2014; J. Ward, 2019) to explain the
wide range of sensory alterations seen in autistic individuals. Alteehatia number of theoretical
mechanisms of DST have been proposed based on findings -autistic individuals (Auerbach, 2019;
Auerbach et al., 2014; Berger et al., 2023; Brout et al., 2018; Diehl & Schaette, 2015; P. J. Jastreboff &
Jastreboff, 2014,®15, 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 autiagsociated BT. 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 spectrugh Altho
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
underlyingneurobiologyof DST and providing conie 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., 2@iéhl & Schaette, 2015; Pienkowski, 2019; Salvi et
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al ., 2020; Sheppard et al ., 2020) in which fneur
paradoxically increased at suprathreshold intensit
models of hyperacusis display steeper neumltioutput functions in multiple cortical and subcortical areas,

with the largest increases seen initiferior colliculus(IC) and primaryauditory cortexAuerbach et al.,

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

Studies examining sourelvoked neural activity in humans with hyperacusis rare(J-H. Hwang et al.,
2009),although the few thdtave 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 andrekny auditory cortex is thought to

encode loudness rather than intensity (Behler & Uppepk&16, 2020; Langers et al., 2007; Rohl &
Uppenkamp, 2012; Schmidt et al., 2020; Schreiner & Malone, 2015; Uppenkamp & Roéhl, 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 hypditlecusis

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

most empiricallysupported model of hyperagsispathophysiology 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 redueedahoutput from the cochlea (i.e., sensorineural hearing loss
or potentially HAcochlear synaptopathyo; Auerbach ef
of peripheral hearing loswre not greatly elevated in persons on the augjsectrumBeers 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 mechanis that putatively drives hyperacusis in autism may arise via a different mechanism. Though
we are only able to speculate about the viryghich aberrant neurodevelopmental processastism could
contribute to enhanced central auditory gain, multiplaupible mechanisms exist based on current
understandings of autism neuropatholdgigure 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.e2020; Pillion et al., 2018). Postmortem human
and rodent studies have documented a number of aatisotiated abnormalities in auditory brainstem
nuclei, with multiple studies converging on pathology in the superior olivary complex (Eto et al;, 201
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 regardihg presence and nature of functional auditory brainstem
abnormalities in autisniBennetto et al., 2017; Cardon et al., 2023; Dabbous, 2012; Danesh & Kaf, 2012;
Delgado et al., 2023; EIMoazen et al., 2020; Fujihira et al., 2021; Gravel et al., 2006;afe&h, 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; Aarpe 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 & Zagh®0d 3; 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 th@gdIC.i et al., 2003; Zimmerman et al., 2020)

and medial geniculate body (Mansour et al., 202%).the central gain model typically posits increased
spontaneous and sourgtoked activity in the IC and higher auditory regions (Auerbach et al., 2014), a
plausible model of central gain in autism wouletly 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
earlyneurodevelopment lead to compensatory changes in the IC and auditory cortex in autism, which result
in an overall increase in central auditory gain and hyperacusis symgfiguse(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, thet@ange in spike rate with level (which was not formally tested betweeips) did appear
to indicate a pattern of increased spike-iatensity growth in the autism model, particularly at levels above
50 dB SPL (Tamaoki et al., 2024). Neverthelesshaman neuroimaging data suggest thaip#reept of
subjective loudness (rather than sound intensity) is not represented until auditory cortex (Behler &
Uppenkamp, 2016; Langers et al., 2007; Rohl & Uppenkamp, 2012; Schreiner & Malone, 2015; Uppenkamp
& Rohl, 2014), increased central gain ocgronly in cortical structures rgaalso 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 abti¢imtlae subcortical
and cortical levelsvould, 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), leaditmgan 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 theleuweugubstrate of
decreased brainstem information transfer or the homeostatic activiggufation seen in the IC and/or
auditory cortex (McCullagh et al., 2020; Zimmmean 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 (GD. Chen et al., 2013; Gong et al., 2008; Lu et al., 2011; Sun et &) &@facoustic 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; Heesig et al., 2017; Lee et al., 2017; Nelson & Valakh, 2015;
Rubenstein & Merzenich, 2003; Sohal & Rubenst2ipl9) 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 distincetevenitr
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 @91®)potential
explanation for the wide range of sensontdieas seen in autism. In this framework, an increased E/I ratio
results in both an increased signal |l evel but al so
a given sensory stimulus will elicit a stronger neural response, activatiger lareas of cortex and
correspondingo 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 investigatinghe relationship of loudness hyperacusis and E/l imbalance in humans. A single
study (Naples et al., 202@gs examined the relationship between-seffpor t ed fiaudi tory se
measured by the Glasgow Sensory Questionnaire; A. E. Rob&Siommons, 2013xnd E/I imbalance (as
measured by the Hurst exponent of the redEG power spectrum) in a sample of adults with and without
diagnoses of autism schizophrenia, finding a moderate correlation between the two metrics. In addition,
comorbid epilepsy is associated with DST in autistic childkanv et al., 2016), implicating E/I imbalance
as a potential cause of both-eocurring conditions.

Furthermore, both rodent and human studies suggest that the phenotype of DST and increased
auditory cortical activity seen iinagile X syndromdEthridge et al., 2016; McCullagh et al., 2020;
Rotschafer & Razak, 2013) can be attributed to an E/I imbalanaeditory cortex (Ethridge et al., 2017;
Lovelace et al., 2020; Wen et al., 2018himal models ofragile X syndrome also demonstrate behavioral
evidence of increased loudness growth akin to hyperacusis models (including steeper reaeiibertiiye
growth), which could be ameliorated in a dalependent manner with administration efi@luR5 negative
allosteric modulatofAuerbach 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 disordeBsven theplausibility of E/I imbalance as a mechanism for central
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Figurel.1: Hypothesized Models of Central Gain and Hyperacusis in Autism
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(A) Schematic of ascending information pathway in the ceatrditory 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 transmissicetidHgmegskation of

gain in theinferior colliculus(IC) results in excessive sowagoked activity in the higher structures loé tauditory system, including primary/secondary auditory cortex,

the putative source of enhanced louskperceptionC) 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 hyperaaubike attter central auditory structures

may contribute, pathology could feasibly be limited to cortical areas.S8¢perior 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., 2880y whether

psychoacousticallglefined loudness growth is associated with an excess of exciteiorgtransmission.

142Model of Misophonia: Aberrant fAAction Perception

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 pathogdrest 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 fAaction perceptiond model of misophoni a (
all available data. Although the framework is relatively preliminary, the action perception model does not
only consider mi s @apisplatadiaaditofy stimuligndiehra@ fregjently atbssified 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 redatitau doy 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 i ndividual
semantice pr esentations of each sound (i.e., the fAmeani
factionodo or fAobjecto associated with that sound) r
itself. These include (a) marked differences isaphonic 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 +aamitory stimuli (Jaswal et al., 2021; Rodwsitet 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.
Thecorepgemi se that the encoding of a sound as an fAacti
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 lemnischhanlemniscal pathways to reach auditory
cortical areas. After encoding of sound in auditory cortex, signals are transmitted to onoite 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), rpaps 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
hyperactivated by trigger sounds in misophonia (Kumar et al., 2017; Schroder et al., 2019) and hyper
connected to motor regions in this populatiorK u ma r et al ., 2021) . This fa
additionally hypothesizes that a hyperactive insula conveys its signal to the amygdala (Kumar et al., 2017),
resulting in the characteristic misophloypothesizzmot i one
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), althohdhese effects have yet to be formally demonstrated.

With regard to the neural underpinnings of misophonia, we hawgepnwri reason to expect that
the pathophysiology of this condition would differ in autistic and-aotistic individuals. There has
previously been a substantial literature documenting purported deficits in action perception associated with
autism (Kaiser & Pelprey, 2012); however, more recent studies have called many of these deficits into
guestion, proposing compelling alternative models (Cusack et al., 2015; von der Luhe et al., 2016). Moreover,
the insula and salience network have been heavily implicatheé ipathology 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 hypothe#igis fur
supported by neuroimaging studies in autistic children that indicate that nonspecific (alzdititley sensory
hyperreactivity is related to increased restitgte connectivity between the salience network and amygdala
(Green et al., 2016; Green\/ood, 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 necessanderstand 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 ventromegigdfrontal 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 f@ard anxietyrelated neural circuits (Lea, 2000). Additionally,
the amygdala is highly connected to auditory areas of the thalamus and cortex (Friihholz et al., 2016; Friihholz
& Staib, 2017; LeDoux et al., 1991), and during sound processing, the amygdala is implicated in both the
modulation of aditory 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 emdl 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 iAfoeatoebkpbuvenomt wor kspatal avbriagwith ttke mo n s t r
salience networkTaylor et al., 2016and 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 generatos t or age, and retri e
signals (i.e., extinction memories; Fullana et al., 2016; Milad & Quirk, 2012). Working in concert, this fear
conditioning network serves to evaluate ttentent of a stimulus within the current context, triggering
downstream signals of fAdangero or fAsafetyodo and pri
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 @ghisbassociated 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 onebs cstaticsdlignceve, af f
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 nonassiative 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 fearsdifyenver 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 apéraistence 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-ewokeld auditory cortical activity,
amygdala E/I balance, or auditdignbic 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 vith 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 inabil@yhabituate to repeated exposures likely indicates an
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Figurel2: Si mpl i fied Outline of the HAAct
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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 asanerrant 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 conveyesaswpeen signals indicate a likely typical
signal. Adapted with permission frofnsocial cognition perspective on misophooyaBerger, J. |., Gander, P., &
Kumar, S. (2023)PsyArXiv p. 4.https://doi.org/10.31234/osf.io/mb7dzigure reprinted under a CEY

Attribution License.
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underlying deficit in the ability to encode the fisa
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 difinces often focusing on circlétvel 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 parprtuaiadaptive

responses to phobic stimuli.

Though this model of phonophobia is equally applicable to autistic an@urtatic individuals,
neuroimaging studies of autism provide further evidence of its utility in this population. Autistic children and
adolescents display a greater amygdala BOldpaase compared to namitistic controls when exposed to
mildly aversive auditory stimuli (Green et al., 2013, 201&}h higher levels of parentported sensory
hyperreactivity associated with stronger BOLD responses (Green et al., 2013, 2015).itm aaldiistic
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 conngeity 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 uradévid 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
responseredicting 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), itw 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 edelyeiopment 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 autismmay 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 measuredusipar ent reports of a chil d
it remains possible that many aversive responses to sensory stimuli are actually the manifestations of specific
phobia (Fodstad et al., 2021; Koegel et al., 208d}litional research relating observedird 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, behavioralisgjcind 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 hyperaadiftidn, 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 hasbeen 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 leaattsiiméndividuals 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 nonrautistic individuals is typically associated witlochlear damage, we instead hypothesize that an
alteration in the subcortical processing of auditory information leads to enhanced central auditory gain,
resulting in the same sowedokedauditory cortexhyperactivity seen in patients with tinnitus and
hyperacusis. As opposed to our autispecific model of hyperacusis, we believe thatrteerocognitive
processeteading to misophonia and phonophobia are the same regardless of the presence of autism, although
certain neurobiological alterations seenutim may predispose autistic individuals to these conditions. In
line with the newly proposed faction perceptiond mo
result from aberrant motor representations of trigger stimuli in cortical areaastlad premotor cortex and
supplementary motor area. The altered triggyaked stimulus activity in motor regions is hypothesized to
cascade into further hypectivation of insular cortex, amygdala, and autonomic control regions, resulting
in the charadristic 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 extingulss response in the presence of-tfmeatening stimuli.

Our model further suggests that hyperacusis strongly predisposes an individual to phonophobia, as aversive
reactions to loud or painful sounds sensitizeatmygdalao these stimuli, maintainingpe fear response in

the presence of repeated sound exposures. Though we find preliminary support for these explanatory models
in the autism literature, additional behavioral, psychophysicalnantbimaging researdd necessary to

validate model predigins 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 hypottiggen investigations and mechanidrased
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 literatdescribing DST in autism is limited by variable and
inconsistent terminology and a tendency to group hyperacusis, misophonia, and phonophobia symptoms
together into the coespoonst verfesawdi Momregovewer st u
simultaneously examined separable DST disorders of hyperacusis, misophonia and phonophobia in autistic
individuals (Scheerer et al., 2022, 20243ve limited their samples to only individuals with gelported
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 meadussEnsory
responsiveness in autistic children and adults (DuBois et al., 2017; Jo@plaexa et al., 2017; Willias
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 o f-re sfippoundsi itwernye sevwerand generalized sens
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 ecoklggeracusis,
misophonia, and phonophobia, (d) the simultaneous assessment of all DST subtypes dexvbibpimental
trajectoriedn autistic individuals, (e) the investigation of DST in relation to other sensory features of autism,
such as hyporedeity 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 DSibtypes 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
neuropathol ogy, <clinical course, or response to tre

2017).

1.5.1 Addressing Gaps in the Literature

The present dissertation seeks to address a humber 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, AWhat i s dedmeeaudd ssn®wnd atnal ewea nsceee k( D
multiple levels. First, the present review has already proposed a theoretical framework from the field of
audiology(Henry et al., 2022hat allows us to conceptualize DST in autistic people as naitfigtinct 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 largscale survey study, further characterizing the clinical phenotypes of these conditions
and their correlates with demograplaind clinical variables in this unique population. In Chapter 4, we seek

to improve the measurement of DST more generally by developing a novel multidimensierepaeifool

for assessing hyperacusis, misophonia, and phonophobia symptoms in baih adititss and the general
population, the Multidimensional Inventory of Sound Tolerance in Adults (MARTAIso in Chapter 4, we
examine the latent structure of multiple domains of DST symptoms simultaneously, testing whether the
theoretically distinct orders/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 condugeasoim
laboratory study that examines a wide range of audiometric, pealpbleysiologic, psychoacoustic, and
electrophysiologic correlates of DST disorders in a mixed sample of autistic afaditistic 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 raurtistic 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, fugting 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.
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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 dbthgnostic 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), appektedrceintelletual 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 sensorigyperreactivity, 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 assoomatwith significant disability and acceptability as a
treatment target by much of the autistic community, this domain of autism features constitutes one of the
pri mary areas wher e t he i-mpf emmat avé ori oMmge diinceaulr o
communityinformed 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 agcreased sound toleran@ST; Williams, He, et al., 2021)s among the
most common and debilitating. A previous matelysis by our groupVilliams, Suzman, et al., 2021b)
estimated that approximately iB5D% 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 longdinal study(Courchesne et al., 2021)he prominence of DST,
particularly the subtype of hyperacusis, in autism is-kediwn, and an abundance of review articles have
been published on the topic in recent yg@ranesh et al., 2021; Goncalves & Monei2023; 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 hypothsized 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 abourthest to define, operationaljznd study it)
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remain to benvestigated

Notably, DST is not actually a unitary constridenry et al., 2022; Jastreboff & Jastreboff, 2015;
Williams, He, et al., 2021 )despite often being treated as one in the context of autism reg¢@alEms,
He, et al., 2021)n widely-accepted frameworKsienry et al., 2022; Jastreboff & Jastreboff, 2015; Williams,
2022; Williams, He, et al., 2021the taxonomy of DST disorders includes at least three major conditions, of
which two (hyperacusis and misophonia) have been most frequently s{udiegliemin et al., 2024)
Hyperacusids a disorder in viich moderaténtensity soundshat are thought of as innocuous by mast
perceived as excessively lqudistressingor causing physical pain (Coey & De Jesus, 2024; Fackrell et al.,
2019; Henry et al., 2022) t here i s some evi dédimwh&ehevenydaysoufidsai n  hy |
frequently cause sensations of ear/head)padty represent a distinct condition or subt{®alvi et al., 2022;
Tyler et al., 2014; Williams, Suzman, et al., 202Misophoniais another disorder of sound toleranice
whichindividuals have excessive and inappropriate emotional responses such as anger, extreme irritation, or
di sgust i n respons e (elg.pchesvipg tappifgi soifflifgtBrout gtgle 2018; Palombo d s
et al., 2018; Swedo et al., 2023jthough 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 i¢®atifiedi et

al., 2022) Compounding this issue, most work on DST in autism is based egivarreports of their (often

young or minimally speaking) childds aversion to so
onebs ears or physically distancing onesmdltple from a
DST subtypes

Given thepotentialconflation of DST subtypes, much of the literature regarding DST phenotypes
and correlates in autism is difficult to interpret,
DST-related experiences in autistic individuals much more impowaigihan previously realized (although
see recent work by Scheerer e(2022, 2024jor notable exceptions that have adopted the multgerder
frameworR. Additionally, due to the lack of empirical studies examining DST at thed &hits 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 irantigtic individualgWilliams, He,
et al., 2021; Williams, Barrett, et al., 2028)) whether there is a strong comorbidity between DST disorders
in autistic individuals(for which evidence is mixed in the nawtistic population; Aazh et al., 2022;
Andermane et al., 2023; Brennan et al., 2023; Jager, @020; Siepsiak et al., 20229nd (c) whether the
categorical |l abels of specific DST disorders (i.e.,
in parsing the heterogeneity in clinical outcomes for autistic individuals after accounting for more frequently
assessed inddual 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 easilregmifiting 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 diffictth-assess populations, such as autistic children and individuals
with co-occurring cognitive/language impairmentBy leveraging a large online sample of legally

independent autistic adults, the current study sought to accomplish the following goals:

1 Investigate selfeported symptoms of multiple DST disorders (hyperacusis and misophonia) and

their dimensional associations in the adult autistic population.

1T Estimate the prevalence of categorical #Aclinica
mi sophoni ad i n aut i s-bccuwreneedvithleachk gtheratimnitug,eahdlheaang t h e i
loss.

1 Describe the salient clinical features of hyperacusis and misophonia as they present in the autistic

population.
This study is presented in two parts, with tdugrent chaptefocusing exclusively on DST prevalence and

clinical features and aecond portion (Chapter cusing 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 selfeported professional diagnoses of DSMiutism spectrum disorder or equivalent
previouslyu s ed di agnoses s uc hereaecruittddoring Spring 2021 fron tke®@imdne r )  w
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 SPARKparticipants, and they and their families were excludegriori from study
participation. Importantly for the assessment of DST prevalence, the study was not advertised as a specific
study of hearing disorders or Asound isewsebtigatya
Relationships Betweehe nsory Sensitivities, Heal tthideallpapmealQual i t
to a wider range of autistic adult participamistably, the validity of selfeported 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 séedichted that for
those with dat a o nteliedtual disakilityj caghitiveimpainment, glautevelopnental
delay, or borderline intellectual functioning ( an even broader <category than
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 suggestirigotes 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 witrepetted cochlear
implants (as a proxy for severe/profoumeharing 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 1§=28; 2.99% of the final sample) reported using hearing aidsheadng 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 symptomsopooairring psychopathology; somatic
symptom burden; and quality of life. Participants recgiae$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, eynd surv

participants were excluded from analyses if they: (a) met the SPARK definition of a possibly invalid autism

di agnosi s (e.g., age of di agnosi s reportedly be
professionaln = 134) , ( eport @ iprdfessiooa diagnedisfof autism on the stydygific
demographics formn( = 45) , (c) reported demographic variable
education services in childhood) that were inconsistent with those originally reported to SPARK (34 ) , ( d)
reported the use of a cochlearimplant& 3), or (e) endorsed a professi ol
di sease or di ssociative identity disorder on two

(indicating either careless/random responding or a true diagnosis that couldusepthe validity of self
reporttn = 23) . I n addition, individuals who dropped ol
questionnairesn( =108) wer e not i ncl udpartcipants gavehirdormediconsentnt ana
and all study procedures were approved by the institutional review board at Vanderbilt UnMediitgl

Center.

2.2.2 Measures
2.2.2.1 Hearing and Sound Tolerance Disorder Diagnosis Operationalizatio

As DST disorders have no consensus diagnostic criteria or vadellc e pt ed figol d st an
diagnosis, our research group developed a set of operational diagnostic criteria for hyperacusis, misophonia,
and phonophobia, which have been published prewio{Williams, 2022). Instead of individuals self
reporting previous clinical diagnoses, which are rarely given for DST conditions in the autistic population,
or selfidentifying whether they met the criteria for a disorder based on a vignette or descwetiopied to
operationalsiizgeniffcilciamitc ahlylpye sagwmsifs ¢ aand micloipmionalaloy
individual responses to survey questions that we felt could satisfy each of the individual diagnostic criteria

listed (see Table 2.Df 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 diagnostctc t er i on t hat an individual 6s fear c
actual danger caused by the specific sound or situation (including the potential to provoke other symptoms
such as hyperacusis pain)o (Wil ideaswd hypeadugs2and p . 3)
misophonia were assessed categorically in the current study.

Hyperacusis was screened for using questions adapted from (a) the-gsiesfien
operationalization of the condition in the 2014 National Health Interview Survey (NHIS; Zelaya et al., 2015):
fiSome 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 tcayal(®)
the single hyperacusis screening item from the European School for Interdisciplinary Tinnitus Research
Screening Questionnaire (ESI$Q; Genitsaridi et al., 20195t O v e rlasttmiorgh have external sounds
been a problem, being too loud, uncomfortable, or painful for you when they seemed normal to others around
y o ulfemd 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 anmigtely item asking
about the frequency of souitduced pain over theast year (based on a previous question aedlyn a
phenotypic study of pain hyperacusis (Williams, Suzman, et al., 2021a)] were also included in the hyperacusis
fcasenesso algorithm. | n o r-slgaificant hyperbcaisiscaltiatis adultine d a's
the current study werequired to meet four operational criteria of (a) endorsing the NikkShyperacusis
screening question, (b) clinically significant amounts of loudness intolerance and/ofistueed pain, (c)
difficulty being in loud places, and (d) associated impaitn{€able 2.). Criteria of the algorithm (e.g.,
criterionb.Aicl i ni cally significanitndwwudhepasi nh)t owveranmeanp
response options of t hEomparesdto mostpaoplé, hoenmon eversdayusoueds ( e . g .
seem excessively loud todrlehy per acusi s r es p dSowecan calgeneypainnandioh s 0 0 ]
physical discomfod[ hy per acusi s responses: AiSomewhato [/ dAVer
correspondence to clinical severity. Additionally,udbset of the individuals who were classified as having
hyperacusis were further classified as handucadg fipai n
pain more days than not (i.e., at least 4 times per week).

Misophonia status was ascertained in the sample using the\lankierbilt 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 imtanats latent structure between autistic and-non
autistic individuals. The DVMSQ includes a thedmgsed diagnostic algorithm, based on the misophonia
consensus definition (Swedo et al ., 2022) hiehnd owur

can be operationalized using a combination of DVMSQ questionnaire items (Williams, Cascio, et al., 2022).
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Table2.1: Criteria and Questions Used to Operationalize Hyperacusis and Misophonia Caseness

Hyperacusis Criteria

Criterion Item [answers constituting endorsement] I\/IS::er?e Elr::sg:rzir::
. : M
Screening Some people are bothered by everyday sounds or noises that don't bothe NHIS
[loudness OR pain from people. Do everyday sounds, such as from a hair dryer, vacuum cleaner, Adapted 70.4%
everyday sounds] lawnmower, or siren, seem too loud or painful to ypu®? Y e s 0 ] [Adapted]
Compared to most people, common everyday sounds seem excessively | 0
mel AVery much so00] IHS 23.6%
Clinically significant loudness Sound can cause me pain and/or physical disconffoit S 0 me/MiNa&tr § IHS 53 5%
; muchs 0 0 ]
OR pain
Over thepast twelve (12) monthen average, approximately how often hav
you experienceghysical pain in one or both eaas a result of sounds in you 0
environmenty iOne to three times per we Novel 20.7%
/ ATwo to five times per dayo [ f
. | find the challenges of being exposed to loud sounds can make it difficult 0
Avoidance of loud places inloud places{f A So mehiWatry much so00] IHS 75.1%
Over thelast month have external sounds been a problem, being too loud,
Hyperacusigelated uncomfortable, or painful for you when they seemed normal to others aro| ESIT-SQ 51 5%
impairment you?[ iYes, a moderate problemd [/ #| [Adapted] 270
probl emo]
Misophonia Criteria
Criterion Item [answers constituting endorsement] EPerce_nt
ndorsing
Are there specific sounds that you asg¢remelybothered by, even if they are
Screenin not loud?Examples include: chewing, slurping, crunching, throat clearing,
ning finger tapping, foot shuffling, keyboard tapping, rustling, nasal sounds, pg DVMSQ 69.1%
[one or more trigger sounds]| .3 ? . o - A
clicking, appliance humming, clock ticking, and animal soupds.Y e s 0 ]
When you are exposed to the bothersome sounds listed above, how oftel
you experience.Intense feelings of irritation or annoyancg® Of t e n o DVMSQ 56.0%
of tleno
Disproportionate feelings of | When you are exposed to the bothersome sounds listed above, how oftel DVMSQ 25 204
irritation, anger/rage, or disgus you experience.Eeelings of anger orrage? i Of t end /] A Vel 70
When you are exposed to the bothersome sdisteld above, how often do 0
you experience.Feelings of disgu8tf i Of t eno /] AVery DVMSQ 27.1%
How often do you avoid situations where you may potentially hear these 0
bothersomesoundsii Somet fi@ésend / ]AVery of DVMSQ 58.7%
Avoidance of triggers, or | When you are exposed to the bothersome sounds listed above, how oftel
endurance with intense you experience.Urges to cover your ears or block out the sound in some DVMSQ 53.8%
discomfort otherway7 A Of t eno /] AiVery ofteno
When you are exposed to the bothersome sounds listed above, how oftel DVMSQ 44.1%
you experience.Urges to run away from the sounf? Of t eno /]
When you are exposed to the bothersome sounds listed above, how oftet
you experience.Feeling like you cannot control your response to the soun  DVMSQ 49.1%
Loss of Behavioral Control [fSometii@Mésenb / ]AVery ofteno
When yoiare exposed to the bothersome sounds listed above, how often
you experience.Urges to lash out violently at the person or object makingl DVMSQ 30.6%

soundIi Somet i@ésenhb / ]J]AVery ofteno
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Misophoniarelated impairment
[Requires aleast two of seven

items to be endorsed]

In the past 7 days, how much did your sound sensitivities interfere Wdhr..
ability to interact with other peopl?i A moder at e amour
iAn extreme amount 0]

DVMSQ

29.3%

In the past 7 days, how much did your sound sensitivities interfere with...
ability to be productive at work or schodiI?i A moder ate am
mucho / AANn extreme amount 0]

DVMSQ

25.6%

In the past 7 days, how much did your sosedsitivities interfere with.Your
ability to take care of your household responsibilitifs@ A mo der al
/ AVery mucho / AAn extreme amourt

DVMSQ

22.9%

In the past 7 days, how much did your sound sensitivities interfere Whr..
ability to participate in community activities (for example, festivities, religic

or other activities)] iA moder ate amounto / @
amount 0]

DVMSQ

24.7%

To what degree have your sound sensitivities negatively impacted your
or emotional healthp AA moder ate amounto / A
amount 0]

DVMSQ

41.7%

To what degree do you believe that your sosekitivities have created
problemsforyoup " A moder ate amounto [/ AV
amount 0]

DVMSQ

43.4%

Towhat degree do you believe that your sound sensitivities have made y
entire lifeworse] A" A moderate amounto [/ AV
amount 0]

DVMSQ

31.5%

Note.di No v e |

0

i ndi cat e &HIa =208 Watignal Wealthtinteevie®urively(8etaya et al.,
2015) ESIT-SQ = European School for Interdisciplinary Tinnitus Research Screening Questi¢Geaitsaridi
et al., 2019)IHS = Inventory of Hyperacusis Symptoif#sazh et al., 2021; Greenberg & Carlos, 20IBYMSQ

= DukeVanderbilt Misophonia Screening Questionndiiélliams, Cascio, et al., 2022Non-adapted
guestionnaire items are reprinted with permission from the copyright holders.
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I ndividuals meeting DVMSQ screening criteria for A
current study (se€able2.1 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 tumyi we used the singleem tinnitus screening question
from the ESITS Q :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 yo@vezatie pasyear, have

you had tinnitus in your head or in one or both ears thats for more than five minuted a time®

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 indiuals with tinnitus met criteria fdmnitus disorder(i.e., tinnitus

that is associated with emotional distress, cognitive dysfunctionpraadtonomic 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 Invé&oryening Version

(THI-S; Newmaret al ., 2008); individuals scoring 06 on 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., 2015participants reported hearing loss status using previous diagnoses of any of the
foll owing: Apresbycusis, 0 Aisudden sensorineural he:¢
A selection of any of the aforementioned conditions was sufi¢@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 sekport measures of DST symptomatology, including the Inventory of
Hyperacusis Symptoms (IHS; Aazh et al., 2021; Greenberg & Carlos, 201&Manderbilt Misophonia
Screening Questionnaire (Williams, Cascio, et al., 2022), Duke Misophonia Questionnaire (DMQ; Rosenthal
etal., 2021), and DSN Specific Phobia Severity ScaModified for Phonophobia (DSMPhono; Williams,
2021). With the exceptioof 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 dndityensionally 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 detagestien 2.2.3.1
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2.2.2.2.1Duke Misophonia Questionnaire (DMQ)

The Duke Misophonia Questionnaire (DMQ); Rosenthal et al., 2021) is-#arB6nodular self
report questionnaire that assesses a large number of misopdlatéal constructs (i.e., specific triggers,
trigger frequency, symptoms in response to misophoiggers [affective, physical, cognitive], specific
coping strategies [before, during, and after being triggered], misoptadatad impairment, and
dysfunctional beliefs about misophonia). This measure was rigorously developed using a stakeholder
informed design to generate a comprehensive item pool, amaeliminary psychometric study has
established the latent structure, reliability, and convergent validity of the DMQ subscales in a sample of
generalpopulation 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 intidgthe trigger list (16 Yes/No
ite ms , including a fAnonehforfeduen cayb oorfe 0Ob esppmig.ilettr) i, g g er) e
scale from £fiOnce per month or leds t=f6 or@more times per day) , (c) a novel igl ob e
i t e Pheagefiate the overall impact of ALL bothersome sounds on your life over the pasbmonth. hat wa's
rated on a visual analog scale (VAS) ranging frerfiNdo  E f td 1®@fExireme Effect[presented after
the AFr eque the 33OMQ symptom,scalé (DMQS) items (5 affective, 8 physiological, 10
cognitive; rated on a-point Likert scale from €fiNot at alb  t=BAlwadys/Almost always )and (e)the
DMQ Impairment ScaleOMQ-IMP; 12 items) Two summary scores from the DMQ were derived in the
currert study: the total number of triggers (rangelB) and the DM@MP total score (12 items; rangéd
[ mean item score]; c u t=0.865).t Rensamingp items wer@ rirclndeda forh 6 s ]
descriptive/iterrlevel analyses only. Notably, the DMI®IP total score allows individuals to be categorized
into Ami sophonia i mpairment categorieso basded on |
0O=Aaon (includes individuals who did not endorse a
complete tle remainder of the questionnaire] 0.01. 0 8 = fi Mminlidmwa;3. 1768 moder at eo;
4 . 0 0 = A& whiclewer 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 theipirston experiences of DST, primarily hyperacusis (e.g.,
associated symptoms, onset, functional impact)esE questions were presented together with the
demographics form and relevant questions about medi
and Health History Form. o Although several of t hes:eé

(e.g., those used to help determine hyperacusis caseness), the majority of questions were only analyzed
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descriptively. SeSupplemental TablR.4for content and response options of théhad questions analyzed

in the present study.

2.2.3 Data Analysis
All statistical analyses were conducted in the R statistical computing environment, versigR 4.3.0
Core Team, 2023), with many of the models based on functions from the -gpaibleZPack.Bayes

collection of functions written by the first auth@illiams, 2024).

2.2.3.1 Descriptive Analyses

We first described the sample in terms of sefforted demographics, as well as several clinical
background variables of interest (e.g., $efforted psychiatric diagnoses, tinnitus/tinnitus disorder status,
hearing loss status, prior traumatic brainuimj y , mi graine). We also calcul ate
significant hypsirqariufsiicsg mt fimilscphadilay, 6 and their o
ascertainment algorithms described previously, additionally reporting the feggoeimdividuals at each
Aii mpairment | evel 0 (f orSQhyppracuses quesi¢Genitshridietead, 2049), t he E
and for misophonia based on the DNIQP subscaléRosenthal et al., 2021).

Within the subsample of autistic adults meeting criteria for clinically significant hyperacusis, we
specifically analyzed the phenotype of soumduced pain, examining its frequency and intensity, as well as
the proportion of autistic adults whowouldheeoper ati onal criteria for HApain
queried about other sowaoked physical symptoms of hyperacusis using the following quegtidmen
you hear a loud sound, do you ever experience any of the following physical sensatitetd?a([Sthat
applyp . Additional clinical features of hyperacusi s,
sympt oms, and presence/ context -opf(Poflasde20l®pwerieslso or t e
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 betimggered, 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 oneds emotional responses to b

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 Peasgoareli test (Glnel
Dickey contingency table tests; Glnel & Dickey, 493amil et al., 2017). This was implemented with the

bayes.proptedtnction fromzPack.BayeéWilliams, 2024). An independent multinomial sampling plan was
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used for 2x2 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 priarsag=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 tHaRtweuld fall within a region of

values that we deemedl priori to be trivialy small (i.e., the region of practical equivalence [ROPE];
Kruschke, 2018). The ROPE was defined in this case to b®@Ramterval of [0.833, 1.20], which is
approxi mat el y deauesadf{0.1, 6.1] and therafodesconstitutes half the magnitude of a
prototypical (Echenalb88)A RGPE Bayes factaBfrareliao et al., 2021; Linde et al.,

2023; Makowski et al., 2019) was calculated to quantify evidence for or against the hypothesisQirat the
falls within the ROPEBFrope>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 direBtion (
Makowski et al., 2019) was also derived as an analog to-tladup. Py is approximately the inverse of a

onetailedp-value, withvalues o> . 975 suggesting fstpaOsilesed.i cal signif

2.3 Results

Basic demographic and clinical data for individuals in the current sample (as well as hyperacusis,
misophonia, and hyperacusis+misophonia subgroups) are repoitablé2.2 As with the previous study
drawn from this sample (Williams, Cascio, et al., 2023), autistic adults in the presentst@@ly, (mean age
37.49 years, age rangeiB® years) were predominantly néfispanic White (80.1%; 771¥8.3% of
hyperacusis/misophonia groups), assigned female at birth (63.0%), eetlegated (48.2% completedia
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/neurodevgimental diagnoses in addition to autism (rarigé 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 sympased syndromes and
difficult to conclusively associate with any specific pathology; Henningsen et al., 2007, 2018) [range O
36.5% reporting at least one]. Notably, a sizable portion of the sample (43.6%) reported tinnitus at the level
ascertained byhe ESITFSQ, with nearly one third of autistic adults (32.8%) meeting criteria for tinnitus
disorder as operationalized using the 331 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 indivislugl 7 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 ceraflaigperacusis
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. 20.5% of males). Given the sexbalanced nature of our sample, we also
calculated sexveighted 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 hyperac@sEyfor 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, Créss [9.08, 16.94]P4>.999, BFrope-8.4% 10'%. 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 withir@&€d symptomsnE158;

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 8T; OR=3.73, Crbsy[2.56, 5.50],P4>.999,BFrope=1.17 10P).

Comorbidity of hyperacusis with tinnitus was significant, with 56.0% of autistic adultshyjiaracusis
meeting tinnitus criteria as opposed to 35.2% of those without hypera@i&i.83, Crbsy [1.78, 3.03],
Ps>.999,BFrope=4.8C 10°). The relative increase was even higher for the association belyperacusis

and tinnitus disorder (47.2% vs. 23.1%0R=2.98, Crbsy, [2.25, 3.92], Ps>.999, BFrope=2.46 10°).
Misophonia was also similarly associated with higher rates of both tinnitus (55.1% vs. 8R8%07,

Crlgsy [1.58, 2.72],P3>.999,BFrope=594) and tinnitus disorder (47.6% vs. 24.708=2.77, Crsy [2.08,

3.67], P>.999, BFrope=1.08 1(P). Notably, both hyperacusis and misophonia were unassociated with
(diagnosed) hearing loss in the current sample (HyperacD$ts1.14, Crise [0.704, 1.86],P¢=.699,
BFrore=0.070; MisophoniaOR=0.855, Crés[0.508, 1.40]P¢=.730,BFrope=0.081).

In the hyperacusis group£377), ESITSQ i mpai r ment laenoderate pvabletm r at e d
i n 4dabigptobled i n 2 9.a7 %,e rayn db in 86.3%.rUsirg the DIMEOMP cutoff scores
for impairment in the misophonia group=@32), 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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Table2.2: Demographic and Clinical Characteristics of the Sample and Hyperacusis/Misophonia Subgroups

Full Sample Hyperacusis Misophonia Hyperacusis +
(n=936) (n=377) (n=332) 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/nbinary) 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%)
Racel fchoose all that applyo
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 presentell §SD), whereas other variables are presentad(&) within each group. All data were se#fported on the studspecific
demographics survey, with the exception of age of autism diagnosis, which was gathered from SPARK demographics. Foratiimsghdoomes refer to diagnoses
such as fibromyalgiasritable bowel syndrome, interstitial cystitis, and myalgic encephalomyelitis/chronic fatigue syndrome.
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2.3.2 Clinical Features of Hyperacusis

Soundinduced 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 hyperagusearly two thirds of individuals (64.7%) experienced
soundinduced 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 tsipehadividuals
with pain hyperacusis typically rated t bhmdderated evel
problend , 3 Zabi@peblénd , an di ad Vv.edr%W b i Thhe auaragebskverity df)their pain was
rated as 60.0 point$§D=17.1) on a 10{oint 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 hyperacusisDR=1.54, Crbse [0.92, 2.60],P4=.954,BFrope=0.340). Pain hyperacusis was also
not meaningfully associated with tinnitus (55.9% vs. 56.@R=0.998, Crsy [0.629, 1.59],P4=.503,
BFrope=0.053), tinnitus disorder (49.5% vs. 46.5983=1.13, Crise[0.721, 1.81]Ps=.701,BFrope=0.066),
or hearing loss (6.5% vs. 8.8®R=0.774, Crése[0.310, 1.83]P¢=.722,BFrope=0.171).

Autistic adults with hyperacusis also endorsed a wide range of other-swokdd symptoms
(Figure 2.}, with the most common ngmainful symptoms being tinnitus, palpitations, and ear

fullness/pressure (each endorsed by over 40% of the sample). Most autistic adults with hyperacusis (72.1%)

(0]

also reported experientapsg® bDekkgiGrdabwssg mpyomobtll ao

point in their lives. Hyperacusis was further reported to be exacerbated by a wide rangsaimbfactors

in the majority ofautistic adults, includingtress(88.9%),feeling tired/lack of sleefj77.7%),headache
(69.2%), experiencing strong emotior(65.8%), uncomfortable nomuditory stimuli(65.5%), andpain
elsewhere in my bod$0.4%).. Autistic adults reported that their hyperacusis symptoms were exacerbated
by a median of 5 (IQR [3, 6]) of the 7 pspecified norsound factors.

The onset of hyperacusis was predominantly reported to be in early childhood, with 226 individuals
(59.9%) reporting an onset before 6 yearagdand an additional 46 individuals (12.2%) reporting onset
between 612 years. Most of the remaining individuats76 [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%) wevelselattommon 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 ttesymmetric 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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Figure2.1: Soundevoked Symptoms in Hyperacusis Group (n = 377)

Tinnitus 1
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more likely to indicate that their hyperacusis symptoms were not symn@Riel(91, Crse[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 displayegbie2.3. Participants
with misophonia reported a median of 7 triggers (IQR [5, 10]), with the most frequently endorsed trigger
b e i Regpleftalking in the background (e.g., phone calls in public, many people talking aion¢ey 7 . 1 %
endorsement), followedbyPe opl e maki ng mouth sounds while eating
slurpingd ( 70. 8 % e n dfioPresoepnheen tma,k ianngd r epet i ti veontlbesnds ( e.
pen clicking, writing, c 0(68s/% endarsemeath Wheo coksideramys i ng ma

oronasal trigger (meuthdsounds eeatimgpt mdatH souads't nhoetr efleot | ng, 0
finasal /thrasatasbungdgger ), 85. 5% of the misophonia gr
triggers. Similarly, anot her ¢ ompounekpetitivesogngser fAcl a

ma d e eoplerakirfy repetitive soundspf j ect s maki ng arnahpiegdsimbking e s oun
repetitive sounds) was endorsed by 88% of the misophonia gro
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 (0100 visual analog scale, autistic adults with apisonia noted that the overall impact of misophonia
triggers on their life was a mean of 623D£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 seadnace (meanReinkchbre 2.19M)ebechthing mporedintieaseély
(mean item score 1.89/4), and trembling/shaking (mean item score 1.64/4). Notably, 75.3% of individuals
with misophonia felt that ofterb e ¥ary ofiedexassive,aumeasomsble n t r i g
or out ofproportion to how most other people would respdkdtitionally, 72.6% of the misophonia group
report edofterth agerybfiee ypmoacti vely avoid situations wher

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 dfyperacusisand 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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popul ation (rather than grouping them together wund
results allow us to examine these two distinct yet related disorders, providing a foundation for understanding

their separate etiologies, correlatestural 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 assadiateach 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 oftedfebilitating 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 seitreported symptoms, 48.7% of our autistic adult
sample presented with either hyperacusis or misophonia, with clinically significant hyperacusis observed in
40.2% (sexweighted prevalence: 33.5%), clinically significant misophonia was observed in 35¢3%
weighted prevalence: 29.1%), and comorbid hyperacusis and misophonia observed in 270éig(dex
prevalence: 21.9%). This research represents one of the first estimates of misophonia prevalence in the
autistic population,and it is the only studyto 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 stuayl403) meeting case criteria for
misophonia (Williams, Cascio, et al., 2022), a prevalence ofi 29.5% clearly indicates that rates of
clinically significant misophonia are substantially elevated in autistic relative tauistic adults, as has
been previously assumed (Williamse et al., 2021). Estimates by Scheerer et al. (2024), notably derived
from a cohort of autistic adults that all sedfported some degree of (unspecified and possibly subclinical)
DST, have also indicated that 56% of autistic adults met criteria foca&liyisignificant hyperacusis and
30% met criteria for clinically significant misophonia, compared to 17% and 13% efutimtic adults with
selfreported DST who met criteria for these same conditions. When considering clinically significant
hyperacusishesexwe i ght ed prevalence obtained in the current
preval enced est i ma-analgsis of flargelyupediapic) studieso(metzalyticeestimate:
371 46%; Williams, Suzman, et al., 2021b). Thisilely due to the previousigbserved age effects on
hyperacusis prevalence in autistic individuals (Courchesne et al., 2021; Williams, Suzman, et al., 2021b),

which demonstrate that the prevalencelwfically significanthyperacusis decreases with agéhia autistic
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Table2.3: Endorsement of Common Misophonia Triggers in Misophonia Group

Duke Misophonia QuestionnaireTrigger Category

Endorsement

[n (%)]

People talking in the background (e.g., phoalts 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 chektirgy, 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, sneezingwiasiing, coughing, throatlearing)

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 @ Hedhvoices)

138 (41.6%)

Rustling or tearing objects (e.g., paper, plastic)

137 (41.3%)

Seeing someone making or aboubtake a sound that bothers you, even if you can't hear it (e.g., seeing someone reach into a bag

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-aiderbilt Misophonia Screening Questionnaire Trigger Mod{Resenthal et al., 2021;

Williams et al., 2021xnd used under a CBY-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 adulthoosith 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 symptomssuabsttntially lower
than the number with clinically significant DST symptoms in the sample. Although reasons for this gap
between clinically significant DST and hedpeking behavior were not formally explored, it is possible that
clini ci an sodawgrenass of ®$Tlagd limpited ability to treat it in current clinical set{igs,
Jahn & Koach, 2023yay 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 haveaitedicthat these conditions may have
substantial overlap (Brennan et al., 2023; Dixon et al., 2024), this is to our knowledge the highest estimate
of hyperacusisnisophonia 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 wherepseted
some degree of clinical or subclinical DS®)ind 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 withreplbrt survey instruments, itay 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 casavhere 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 nantistic adults withDST, suggest that the -@xcurrence 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 unlikelpefecusis
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 inmmbent upon developers of psychometric tools to ensure that any putative measure of
Ahyperacusis symptomsodo or fimi sophonia symptomso den
of interest and can discriminate between individuals with hyperaandisnisophonia. 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 diroatated 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
standardi zed operationalization of this disorder
difficult to determine whether thegralence 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 tindikgrderin 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 rhaydue to several reasons, including the fact that hyperacusis
in autism is more likely to be neurodevelopmental than-pasmatic in origin (Williams, He, et al., 2021).
Additional contributors could be the relatively low prevalence of diagnosed pearpairments in the
current sample or the fact that associations between hyperacusis and hearing loss in previous studies was
demonstrated using audiometric thresholds rather thamegedft of professional diagnoses. Additionally,
there were no meaninglfdifferences in associations between misophonia, tinnitus, or hearing loss between
autistic individuals with loudness and pain hyperacusis, mirroring gepepalation 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 populé@iennan et al., 2023Notably, 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 assoctidrbe 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 ®rkit 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 ad other hearing disorders.

2.4.2 Clinical Features of Hyperacusis

79



This study also provided an-depth investigation of the clinical features of hyperacusis within
the autistic population. Within our sample of autistic adults with hyperacusis,-salunmkd ear pain was a
frequently reported symptom, a finding that Imeser been empirically demonstrated in the literature until
this point(although see Scheerer et al., 20Z4pughpain hyperacusif.e., hyperacusis with sousidduced
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 smewuted 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-seoketl symptoms, including
tinnitus, palpitations, edullness/pressure, and heatlas, as well as temporary sotinduced symptom
flaLeups similar to the Jfdigi¢gateaskwsttohyperacagwillianms, Soeanany n o n
et al., 2021a)Although the survey questions querying whether individera¢sexperienced 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 4{lg®, the majority) and therefore may play a
role in the overall clinichpicture.

Autistic adults also endorsed many differemin-sound factors that appeared to frequently
exacerbate hyperacusis symptoms, with stress, tiredness/lack of sleep, headache, strong emotions, and
aversive norsensory stimuli all causing such exacerbations in 65% or more of the hyperacusis sample. These
appear tdbe similar to factors that are associated with hyperacusis symptom provocation in the general
population(Williams, Suzman, et al., 2021&lthough norauditory 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 eadg 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 r e me mb)eandfewgrthan 10%pored anrageone 6 s |
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., 2021ayhere the onset of hyperacusis was well into adulthood for the vast
majority of participants. Such substantial differences suggest potentially different etiologies for autism
associated hyperacugibeorized to be neurodevelopmental in origin, secondary to alitiked alterations
in synaptogenesis and other neurodevelopmental processesitideal., 2017; Williams, He, et al., 2021)
and the more fAcl assi co a cagtistic ndvitluals with eorsat@ums,iwkichesb s er v e
thought to be the result of central gain after peripheral auditory dafdalge & Polley, 2023; Zeng, 2020)

but may also be a functional neurological symptom in at least a subset ofB=galey et al., 2016)
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Similar to findings in the general populatifilliams, Suzman, et al., 2021dhe vast majority of
hyperacusis seen in autism was bilateral and symme
than peripheral, auditory system. However, unilateral hyperacusis was reported by a small number of
individuals 6=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 predominameogiaugpely 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 Poll€2023) It is likely that in such cases, one ear is perceived to tolerate loud sounds
better because of additional cochl ear damage on on
the two ears. Thus, although asymmetric hyperacusis is iredgeduine finding in both autistic and Ron

autistic adults (and mapdeedbe reflected in inteaural asymmetries in loudness discomfort levels), these
asymmetries are possibly driven by differences in (peripheral) hearing sensitivity rather than (central)

loudness growtlper 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
knowl edge to do so. Notabl vy, autistic adults with
triggers (i.e., oronasal and repetitive soundish 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 mo $eopld taking ih the backgpom felgophona gr ou p
calls in public, many people talking at onge). | t is unclear whether the DMQ
which state to endorse all that fAbother you much mo
in this outside endorsement, as many autistic people report dedngshelmedbut perhaps not necessarily
Aitriggeredodo in terms of a misophorlardonrtal 2006, seer, by T
also Scheerer et al., 202#side from this potential artifact]l other triggers appeared similar in ramider
to those selected by individuals in the general population in prior (Rogenthal et al., 2021)dditional
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 jumimg, and heart racing; (c) a majority of participants (but not all) viewed their
reactions as excessive orreaasonable; 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., 2022which was largely based on clinical descriptions of-aotistic patients, and suggest
that the clinical features of misophonia do not substantially differ in autistic ardutistic adults.

This study is not without limitations. First and foremost, the DST constructs under study are
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themselves without consenshisa s ed di agnostic criteri a; as such, th
hyperacusis or misophonia or instruments that can be used to make such diagnoses. The operational
diagnostic criteria employed in the current stuttgrapt 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 stake Bagensl
hyperacusis and misophonia, we also were unable to classify individuals for the di$pit@rophobialue

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 withouexseng hyperacusis or
misophonia)Additionally, all symptoms were ascertained using-sghiort 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., audiometridnigst the case of heiag 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
(Scheereretal.,,2024) However, when DST is rated as a minor pr
life, it becomes less clinically relevant to characterize for the purposes of treatment and service provision,
and characterization of subclinical DST was deemed outec$¢bpe of the current study. Maesearch 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 prdtocthe present study. Though it may be reasonable to
make crosgjroup comparisons with consideration of historical data, pdatly as pronounced as these
differences appear to be, additional studies that utilize formal control groups-afitistic individuals will
be particularly helpful in assessing betwegoup differences. Lastly, this study was limited in its
demographis to a fairly unrepresentative group of autistic adults firedominantlycognitively-able adults
who skewed highly educated, late diagnosed, and femalejw&ghted prevalence estimates sought to
correct for the most significant effect of sample cosifion 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 aptikttopo

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 tlagitistic population. In a sample of 936 autistic adults
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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 ratdsypéracusis in 40.2% of the sample (sex
weighted prevalence: 33.5%), misophonia in 35.5% of the samplevéighted prevalence: 29.1%), and
comorbid hyperacusis/misophonia in 27.0% of the sample-ws@ghted prevalence: 21.9%). Pain
hyperacusis (soumehduced pain more days than not) was reported by approximately one fourth of
individuals with hyperacusis (9.9% of the whole sample), and many other-ssoked symptoms were also
reported by a substantial minority of autistic hyperacusis patients. Theeefeve 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 partialar 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 araitistic individuals.

This work highlights the relevance of both hyperacasid 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

SupplementaTable2.4: ltems from Adhoc Clinical Questionnaire Used for Descriptive Phenotyping

Construct Item Content Response Options Source
Measure
T|nn|_tus r_efers to the perception of noise in your head or @arsh as ringing or Yes, most of the timé
buzzing) in the absence of any corresponding source of sound external to yo :
Yes, a lot of the timé
I head. : ESIT-SQ
Tinnitus Yes, some of the time
S . No, not in the past year [Adapted]
Over the past yeahave you had tinnitus in your head or in one or both ears th N !
) g . 0, never
lasts for more than five minutes a time?
Neve /
Less than once per month
Over thepast twelve (12) monthen average, approximately how often have y¢ One to three times per month
Soundinduced ear pain experiencegbhysical pain in one or both eas a result of sounds in your One to three times per wegk Novel
environment? Four to seven times per wegk
Two to five times per day
Six or more times per day
Soundinduced pain severity Please rate theeverityof your soundinduced pairover the past month, on 0i 100 Visual Analog Scale Novel
average
A fluttering sensation in your ear(s)
Other norpainful uncomfortable
sensations in your ear(s)
A migraine or otheheadaché
Pain in your neck, face, or jaw
Tinnitus (ringing or buzzing noise in
your ears)
Additional symptoms of When you hear a loud sound, do you ever experience any of the following ph Iﬁolss_toft_balance ordposthuraltconttol Novel
hyperacusis sensations@Select all that apply) alpriations, pounding heart, or ove
accelerated heart rate
Sensations of shortness of breath g
smothering
Nausea or abdominal distrgss
Numbness or tingling sensatiohs
Chills or hot flusheg
Other physical sensatiohs
None of the above
When you hear a loud sound, does it ever cause your sound sefsdivity
~ . : . o Yes/
Presence offlara ps o r fi| temporarily worsen (i.e., sounds become louder, more painful, or more difficu NoO Novel

tolerate)?

90




When you are tired or did not sleep
well /

When you are experiencing a stron
emotion/

When you are feeling stressed
When you are experiencing pain
somewhere else in your bofly
Does your sound sensitivitgver get worse (i.e., sounds become even louder ¢ When you are experiencing

more difficult to tolerate) in any of the following situations? discomfort from one of your other
senses (sight, touch, smell, efc.)
When you are under the influence (¢
drugs or alcohdl

When you have a headache
(including migraines)

Other/

None of the above

Before age 6

Age 612/

Hyperacusis onset At what age did your sound sensitivitart? Age 1317/ Novel
Age 18 or oldef

Don't know

Left ear only/

Right ear only

Both ears, but worse on léft
Both ears, but worse on right
Both ears, same on both sides
Don't know

Non-sound causes of flagps Novel

Hyperacusis laterality Are you sensitive to sound in one ear or both ears? Novel

Have you seen a doctor or other health care professional (e.g., an audiologis
psychologist, counselor, or occupational therapist) for help with problems Yes/

Received medical care for DST - . :
tolerating sounds in your environment? No

Novel

altems were only administered to individuals who screened positive for hyperacusis and were embedded in a series afgogstcacusis (i.e.,

reduced tolerance to loud sounds and pain from sound). Thus, despite the vague language, these qesgmisdate 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

Sensoryreactivity differences (encompassing hyperreactivity, hyporeactivity, and sensory seeking)
are extremely common in the autistic population, with reported tergke prevalence estimates ranging
between 70.9% and 88.3%usderau et al., 2014; Kirby et al., 2022; Lane et al., 2G#8) since 2013, these
phenotypic characteristics are included as core diagnostic features of autismismghestic and Statistical
Manual of Mental Disorders, Fifth EditiofDSM-5; American Psychiatric Association, Z)1Among the
many differences in sensory reactivity experienced by autistic indiviQd&lsams, Schaaf, et al., 2023)
decreased sound toleran@@ST; Williams, He, et al., 2021; i.e., a reduced ability to tolerate environmental
sounds)s among the most impactful and debilitating, affecting betwe&@@®® of autistic people at some
point in their lives(Williams, Suzman, et al., 2021HResearch interest in the topic of autism and DST is
substantial and growing, as exemplified by the large numbevigfvearticles published in this area within
the past five year@Danesh et al., 2021; Gongalves & Monteiro, 2023; Poulsen et al., 2024; Sato, 2022;
Stefanelli et al., 2020; Timms et al., 2022; Williams, He, et al., 26&iyever, 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,
correlaes, diagnosis, and treatment of D8iTautism 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 sinmplgtes 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/supps.

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., 2B2%gd on literature largely
drawn from the nofautistic population, widehaccepted taxonomies of DST disordéfenry et al., 2022;
Jastreboff & Jastreboff, 2015; Williams, 2022; Williams, He, et al., 2@2dlude at least tiee major
conditions First, hyperacusisis a hearing disorder in which innocuous or modeiatensity sounds are

perceived as excessively loud or pairfdbey & De Jesus, 2024; Fackrell et al., 2019; Henry et al., 2022)
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Secondmisophoniais a neuropsychiatric condition in which individuals have excessive and inappropriate
emotional responsenger, extreme irritation, or disgust o s peci fi ¢ (A.¢.,rchewvipger 6 sou
tapping, sniffling, even when those sounds occur at a low I@Bsdut et al., 2018; Palumbo et al., 2018;

Swedo et al., 2022).astly, phonophobias a specific phobia of sounds or situations that might present an
uncomfortable sound, often occurring secondary to another DST dig¢Beadrell et al 2019; Henry et al.,

2022; Williams, 2022)Research describing DST in autism has primarily focused on parent or caregiver
reports of childrends symptoms, which may not be a
young children covering their ears and/or running away from saurdes could be symptoms of any of the

DST conditions), and given the possibility that these conditions may be frequently comorbid Bsemakn

et al., 2023)it appears that autistic individuals with higlvéés 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 syndronf@sdermane, 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 populatio will provide a critical foundation for future clinical applications such as improved
diagnostic methods or intervention development.

In Chapter 2our 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 Knowled{f8PARK; The SPARK Consortium, 2018phort. This study was
the most comprehensive of its kind to date and the first to explore the prevalence and clinical features of
several lessestudied forms of DSTincluding misophonia and the subtype of hyperacusis referred to as
i gan hyp eWibiamnsg, Suzeab, et al., 2021a)] 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
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 wiithdsceld
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 disarder
severe and intrusive tinnitus associated with significant emotional distress and clinically significant
impairment; De Ridder et al., 2021; 32.8%j)though medically diagnosed hearing loss (7.7%) was
somewhat infrequent. Both assessed DST conditions were significantly associatédnitits and tinnitus
disorder, although neither was associated withrepbrted hearing loss, which is the case for hyperacusis
in at least some general population studfed_. 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 onfetquently 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 reli@tiveld duration of symptoms
reported by many neautistic individuals with hyperacusis in other samples (Anari et al., 1999; Williams,
Suzman, et al., 2021a). Additionally, temporary hyperacusis symptom exacerbations, known colloquially in
patentcommni t i es as fAsepbacKPdl bardfl ane9) and pri mar |
exposure, stress, or fatigue/tiredness, have been reported in other phenotypic descriptions of hyperacusis
(Anari et al., 1999; Williams, Suzman, et al., 2021a). e, a potentially unique aspect of the autistic
hyperacusis phenotype is that aversive-aoditory stimuli, such as bright lights, noxious smells, unpleasant
textures, are potentially able to exacerbate hyperacusis symptoms in the way that a loedrsdomsome
nonautistic individuals with hyperacusis. Lastly, the degree to which hyperacusis and misophonia were
comorbid in the autistic population appeared much higher than any previlmssisibed overlap of these
two conditions in the neautistic ppulation (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 teelikely to ceoccur in autistic
than norautistic individuals. Additional studies are needed to replicate and extend our findings, utilizing
parallel groups of autistic and nawitistic individuals who complete the same phenotypic measures of DST
symptons (Scheerer et al., 2024; Williams, Barrett, et al., 2022).

The current chapter is the second of a-paat 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 prevaleand 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 misophpriaide added value above basic demapgic and clinical
variables in predicting a range of clinically relevant outcorfies, ceoccurring conditions, symptom

severity, quality of lifeJn 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 ChapterTa 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 opézationatriteria
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can be foundn section 2.2.1

The sample comprised 936 independent autistic adults recruited from the SPARK cohort (The
SPARK Consortium, 2018) using SPARK Research Mé&hject No. RM0111Woynaroski_DST) the
spring 2021. Theseparticipants completed a series of online surveys assessing demographics,
medical/psychiatric history, core features of auti®®T symptomsgo-occurring psychopathology, somatic
symptom burden, amglality of life, for which they were compensated $10 USD in Amazon gift codes upon
completion Rigorous data uglity checks were implemented (including use of SPARK diagnostic validity
indices, crossheckingofstudss peci fi ¢ demographics with SPARK demog
invalid psychiatric diagnosi s 0 andtheorginabsampke dfdE@ i n t}
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 Sprg€t (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 investigatidimms, 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., fidi agnoseasdigned awsding hy per s
guestionnairéased 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) endse 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 SymptdihkS; Greenberg & Carlos, 2018y a novel item
about the frequency of sowmduced 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 versiohthe hyperacusis screening/impact item from the European
School for Interdisciplinary Tinnitus Research Screening Questionizdid-SQ; Genitsaridi et al., 2019).
To meet criteria for clinically significant misophonia, aniindual had to meet all criteria listed in the Duke
Vanderbilt Misophonia Screening Questionna{l2vMSQ; Williams, Cascio, et al., 2022Xcreening
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 i ndi viied ueutbbgrogirtierato theactualalanger caused by the specific sound
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or situation (including the potential to provoke other symptoms such as hyperacusig\pailiems, 2022,

p. 3) Thus, only hyperacusis and misophonia were assessed categorically in the current study.

3.2.2.2 DST Symptom Measures
3.2.2.2.1Inventory of Hyperacusis Symptoms (IHS)

The Inventory of Hyperacusis Symptoms (IHS; Greenberg & Carlos, 2018) igen®Selfreport
guestionnaire assessing symptoms of hyperacusis as organized into five emyieidady subscales:
general loudness (3 items), emotional arousal (6 itemgdhpsocial 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/div
validity in both in an online sample of individuals with sedported 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 ak021). It has also been used to assess hyperacusis symptoms and determine
the prevalence of clinically significant hyperacusis in a prior study of autistic {8chgerer et al., 2024)
Although designed to specifically assess hyperacusis, the IHBohdmen 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 (rang&029, we also examined the
fgener al | oudnes-4t@IDsrangpeBt2pin dmessionalramalysed oHIST symptoms due
to its lack of content overlap with misophonia and pigitobia measures. In the current sample, reliability

was good for both the I HS totadOtDoseofleCltrhaBRE3]

3.2.2.2.2Duke-Vanderbilt Misophonia Screening Questionnaire (DVMSQ)

The DukeVanderbilt Misophonia Screening Questionnaire (Williams, Cascio, et al., 2022) is a brief
selfreport measure designed to assess the symptoms of misophonia proposed in the consensus definition of
the disordefSwedo et al., 2022) as well as the earlier Revised Amsterdam C{iiagiar et al., 2020). The
DVMSQ contains 19 multiple hoi ce i tems (one Yes/ Ndaypeitens)aseali ngo i f
as two freetext fields that allow respondents to specify (a) the trigger sounds that ceamgshomialike
reactions for them and (b) the physical sensations they experience after they hear trigger sounds. Respondents
are first presented with a binary misophonia screening questvrAr e t her e speci fic sou
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
hummi ng, cl ock t i cki.mdyvjduas whb ermoesthenafdrementoned duestian will be
asked to complete the remaining DVMSQ items. The r ¢
included in the scoring of the sympt ompomtlitestc al e ] a
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scale from 04 (symptoms rated fromi Ne vtefi e r y aodimpairment rated from Not dot al | o
iAN ext r e mn&otahlyn the wetsion 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, theDVMSQ can be scored dimensionally, producing a total score as well as subscales for
symptoms and impairmeif@illiams, 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 éasegueluding between autistic and
general population groug®Villiams, Cascio, et al., 2022). Similar to the IHS, we opted to use both the total
score of the DVMSQ (range:i68) and DVMSQ symptom subscale (DVMS3; range: 140) 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 hiétiawas good for both the DVMSQ total

S ¢ 0 =@967) &hd the DVMSE S =@.937).

3.2.2.2.3Duke Misophonia Questionnaire (DMQ)

The Duke Misophonia Questionnaif@eMQ; Rosenthal et al., 20213 an 86item modular seilf
report questionnaire that assesses a large number of misoplatea constructs including specific triggers,
trigger frequency, symptoms in response to misophonic triggers (affective, physical, cognitive), specific
coping stategies (before, during, and after being triggered), misopiieldted 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
generalpopulation 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., 282&)included: (a) the trigger list (16 Yes/No
i t ems, including a fAnorMd refquteme yawd v é e-panfgikerto n )g;g e e
scale from £fiOnce per month or leés t=f6 orGmore times perday)( c) a novel gl obal
i t e Pheage fiate the overall impact of ALL bothersome sounds on your life over the pasbmonth. hat wa's
rated on a visual analog scale (VAS) ranging freriNdo  E f td @& Exireme Effect (d) the 23 DMQ
symptom scale (DMEEBS) items (5 affective, 8 physiological, 10 cognitive; rated orpeirk Likert scale
from O=fiNot at alb  t=@Alwdys/Almost always;)and (e)the DMQ Impairment ScaleDMQ-IMP; 12

items) Summary scores derived from the DMQ include the DS®total score (23 items; rangelmean
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item score]; current samplg=0.963), the DMQIMP total score (12 items; rangé&4[mean item score];
current sampld}E0.955), and the total number of triggers endorsed (raiig®)0 Remaining items were
included for descriptive/iterrevel analyses only. Notably, the DM®IP total score allows individuals to
be categorized into fmisoph o nlbfaepdrtedmpairmeni(®osénthad at egor |
etal, 2021 O=finonidao 086 AMMiinlidhd3. 1768 modéd4 ad@ofis SvlelBe 0 ) , \

were also described in the current study for individuals meting DVMSQ misophonia criteria.

3.2.2.2.4DSM-5 Severity Scale for Specific Phobiavodified for Phonophobia (DSM-Phono)

The DSMb5 Severity Measure for Specific Phobia (Lebeau et al., 2012) istarhGcale published
by the American Psychiatric Association to dimensionally assess symptoms of specific phobia in adults.
Participants are firstobs$lkedsDo(edeger minAaei maail cshofiph
or injectionso) make them most anxious and to rate
situations/objects related to the chosen topic. The psychometric properties of the origin@PD¥aVe been
established in both clinical and nelinical adult samples (Knappe et al., 2013, 2014; Lebeau et al., 2012).
A modified version of the DSMSP (the DSMPhono) was used in the current study to assess phonophobia
rather than other phobias (Willies, 2021; Williams, Cascio, et al., 2022). Modifications to the scale included
omitting the choice of phobic topics from the directions and administering the following instruétionk: e
following questions ask about thoughts, feelings, and behaviorsydliamay 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 t oNothanges todhe DIIAP puUesiens @& responseo u nd s ?
options themselves were made, and the scoring of the questions remained the same (total scoird range: 0
[mean item score]). This measure has been used to operationalize dimensional phonophobia symptoms
previously in a sample of general population adults (Williams, Cascih, €022), although its psychometric
properties have never been formally evaluated in the peer reviewed literature beyond its reliability in that
sample, which was high (U=0.925). Reliability in tl
DSM-Phono total score (U=0.928).

3.2.2.3 Measures of Clinical Correlates

Several additional seteport 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 assessedgudie Social Responsiveness St8kecond Edition, Adult
Self Report(SRS2; Bruni, 2014; Constantino & Gruber, 201#pm which we derived total-§cores (65
items;M=50,SD=10inthegener al popul at £0048). Curent syneptorns obattentph e U
deficit/hyperactivity disorder (ADHD) were assessed using the Adult ADHDr8ptirt Scale Symptom
Checklist, version 1.1 (Kessler et al., 2005; Ziobrowski et al., 2028h which unweighted total scores
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were used (18 items; range®2 ; ¢ u r r eho8). Cacowringpsydhopathology was assessed with
Patientreported Outcome Measures Information System (PROMIS) Emotional Distress short forms
(Pilkonis et al., 2011), including PROMIS Depression Short Form 8a (8 itestxré metric; current sample

U=0.951), PROMIS Anxiety Short Form 8a (8itemssTc or e met r i ¢ =0.946), and BROMISs a mp | e
Anger Short Form 5a5(items; Fs cor e met r i ¢ ;=0.906).rMulésystem somaiip $ymptobh

burden (from any cause) was assessed with the Somatic Symptonii &S2E58; Gierk et al., 2014)rom

which total scores were derived (8 items; ran@&: @ ; ¢ u r r eh8e8). sastiy, dakineldied quality

of life was assessed using the t@m PROMIS Global Health Short Form (PROMIS GB)(Hays et al.,

2009), from whichanautismpeci fic | atent trait score was derive
factor asessed by the measurgusing the calculator and scoring method published at
https://@dmeasures.shinyapps.io/promis ; dblilliams, Cascio, et al., 2023).atent trait scores from the

PROMIS GH10 were presented on asEore metric1=50, SD=10 in the autistic population; note that the

normative sample used to generatscbres 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 (e@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 -gpailpbleZPack.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 estimateerdero (Pearson/polyserial)
correlations between the following measures in an exploratory enaliS total score, IHEOUD score,
hyperacusis pain frequency (novel item), DVMSQ total score, DVANEScore, DMEBS score, DMQ
IMP score, DMQ trigger count, and DSRhono total score. Correlations between these measures and
autistic traits (SR 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 nBIST constructs that are still expected to heotetically related. All
correlations were estimated using Bayesian bootstrapping (Rubin, 1981), with posterior means and 95%
highestdensity credible intervals [Crls] of 5,000 reweighted samples generated based on the implementation
of theBBcorR packag (Rodriguez & Williams, 2022). The use of Bayesian bootstrapping allowed for the
accurate generation of Crls with the only distributional assumptions regarding the input variables being the
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underlying normality assumption of the latent variable (for ordinal variables only) inherent in the calculation
of polyserial correlations. This process was implemented inctindb 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) aslhumber 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, BRON#HLy,
and DSMPhono for zerarder associations). These comparisons were conducted in a Bayesian framework
using analogs of standard frequentist hypothesis tests (@icladly contingency table tests (Glnel &
Dickey, 1974; Jamil et al., 2017) [similar Pearson chsquared tests] for categorical outcomes, a Bayesian
analogue of the Welch [unequadriances}-test (Kruschke, 2013) for continuous outcomes, and Bayesian
univariate orderegrobit regression models (Birkner & Vuorre, 2019; Liddell & Khisx, 2018) for ordinal
outcomes). All tests produced effect size parameters of interest (odds @Rofof categorical data,
standardized mean differen for continuous and ordinal data) alongside a 95% Crl for that parameter,
the probability of directionKg; i.e., the probability that is of the same sign [positive or negative] as its point
estimate; in the case @R this refers to the probability th&@R falls on the same side of 1 as its point
estimate), and a Bayes fact&H) testing that parameter against a region of practical equival®@eE
i.e., an interval null region of(.1, 0.1] ford or [0.833, 1.20] folOR), denotedBFrope(Liao et al., 2021;
Linde et al., 2023; Makowski et al., 2019). Per standard guidelines, valuBsrefe=>3 indicated a
statistically significant group difference, valuesBHrope<1/3 indicated statistically equivalent parameters,
and values between 1/3 and 3 indicatexhk 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 ofrjppsgamples) 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), wendoicted 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 statud SPRQMty T-score,
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PROMIS Depression-gcore, 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 misoddBlaesing & KroeneHerwig, 2012; Cassiell®obbins

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 atticomtedbid
depression or anxiety. Outcomes of interest in these regression models included autistic trag (SRS
ADHD symptoms (ASRS), anger symptoms (PROMIS Anger), somatic symptom burdeB)(%sality of

life (PROMIS GH 10), presence of setépored synesthesia (binary item), history of traumatic brain injury
(binary outcome), presence of tactile allodynia on/near the ear (binary outcome), migraine fregpenty (5
ordinal scale fronfi No[on ot endor s i Yes, daly @ maltiple tensdhilyot)o, fit i nni t us
outcome), tinnitus disorder (binary outcome), diagnosed hearing loss (binary outcome);iseest
difficulty (ordinal 6-point Likert item Btrongly Disagrego Strongly Agrep, phonophobia symptoms
(DSM-Phono), number of professionaliijagnosed psychiatric or neurodevelopmental conditions beyond
autism (count), number of professionatliagnosed functional somatic syndromes (count), number of types

of ear pr aneeecytlay sittmationsdile doing housework or grgcghopping 18 @rdinal; sum

of i Nesemncdiing headphonesdOvdiear headphones without noise cancellatiolm  dnsedt
earplug® ) , and whether the participant had sought
outcome).

Models were fit in a Bayesian framework using lthmsR packaggBurkner, 2017)with student
tlikelihoods 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 distributionsicluded at3(0, 2.5) distribution on all interceptislormal0, 0.5) distributions
on all slope parameters (continuous variables and outcomes were normafized rhedel fitting), a
gamm2, 0.1) distribution om (thedf parameter for thedistribution), andexponentigll) ons (the residual
standard deviation parameter for the t distribution). Missing data (<5% of the included sample for each
variable) were handled usingf&ld multiple imputation using random forests, as implemented in the
missForesR package.(Stekhoven, 2022; Stekhoven & Buehlmann, 2012) ROPE valv@ed p0[1] were
used for standardized regression coefficients and [0.833, 1.2] for odds @Rigsa(d incidence rate ratios
(IRR9, with BFropeVvalues 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 twehpastegression 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 wused as an outcor
included age, gender minority status, PRGMinxiety T-score, PROMIS Depressionstore, hyperacusis

status, and misophonia statuelle 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 reporteahile 3.1 Further description of this sample can be
found in Chapter 2, although it is notable that this samy#®86, mean age 37.49 years, age rang&d8

years) was predominantly nétispanic White (80.1%; 77i¥8.3% of hyperacusis/misophonia groups),
assigned female at birth (63.0%), collezpucated (48.2% completed gdar college degeeor 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 previousBy7 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 {ab&e 3.2for full correlation matrix).
Correlations between all DST subdimensions and PROMIS depression and anxiety scofes were moderately

high (Supplemental Figure 3.2Notably, correlations between ostensibly different dimensions of DST

symptomatology, such as between the IHS total scor®aISQ total scorerE0.73, Crisy, [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-;UB8D vs. DVMSQSS:r=0.63, Crbsy[0.59, 0.67]). The
DSM-Phono scale in particular correlated quite hightyO(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, thegse item regarding pain hyperacusis frequency had more modest
correlations with all other DST measures except the IHS total score anddHB scale, which both include

an item tapping sounithduced pain. Although items tapping DST correlated stronglly eédich other and

did not discriminate well between the different dimensions, the mean correlation of each scale with all other

DST scales (range: 0.63.72) was higher than the mean correlation of those same scales with t2eTSRS
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Table3.1: Demographic and Clinical Characteristics of the Sample and Hyperacusis/Misophonia Subgroups

Full Sample
(N=936)

Hyperacusis
(n=377)

Misophonia
(n=332)

Hyperacusis +

Misophonia (h=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/ndimary)

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 presentedl 4SD), whereas other variables are presentau(&s) within each group. All data were sedfported on the study

specific demographics survey, with the exception of age of autism diagnosis, which was gathered from SPARK demogratibizs. Jemmatic syndromes
refer to diagnoses such as fibromyalgiatable bowel syndrome, interstitial cystitis, and myalgic encephalomyelitis/chronic fatigue syndrome.
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score, ASRS total score, and PROMIS Anxietgcbre (range: 0.40@.60) for every DST measur&dble

3.2). Moreover,within-scale differences between DST/DST correlations and DSTBA®h correlations

(k=90) had on average an 87% posterior probability of the DST/DST correlation beingNaagét€1.00,

IQR [0.938, 1.00]), with 70% of these pairwise differences demonstrating statistical signifiean&g’s).

The DST/DST and DST/neBST correlation pairs that did not significantly differ in magnitude were most

often those that (a) compared associations between misophonia andretugedi pain to either variable

and a no-DST variable, and (b) compared the correlation of a scale withtheeP8W no t o t hat sc

correlation with the PROMIS Anxiety-$core.

3.2.4.3 Group Comparisons
The demographic and clinical correlates of hyperacusis and misophonia status are presented in

Figure 3.1(see als@upplemental Table 3.4Presumably due to the high overlap between DST disorders in

the present sample, all variables found to significantly associate with hyperacusBFi@s>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) séenfification

as a gender minority (i.e., transgender or-horary), (c) number of psychiatric diagnoses, (d) number of
functional somatic syndrome diagnoses, (e) tinnitus, (f) tinnitus disorder, (g) spesaise difficulty
(assessed using a singi®-point Likert item), (h) seffeported migraine (occurring at least once per week),

(i) self-reported synesthesia (based on a stitgla that included a definition of the condition), (j) self
reported tactile allodynia in or around the ear, (k) anx@tmnptoms (PROMIS Anxiety -Ecore), ()
depression symptoms (PROMIS Depressiescdre), (m) phonophobia symptoms (D$Mono), (n) use of

any ear protection (i.e., insert earphones,-@atheadphones, 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 witbpsei§ of
sudden hearing los$£.979; BFrope>0.739) and priotraumatic brain injury with loss of consciousness
(Pe>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 gtmaged on DST disorder status.

3.2.4.4 Regression Analyses

Focal parameters of the regression models are present@€dbie 3.3 After controlling for
demographic features, anxiety, and depression, both DST disorders simultaneously covaried with
significantly greater levels of seléported autistic traits, ADHD symptoms, and phonophobia symptoms
(ds=0.2470 . 579) , as wel |l as significantly greater odds
(ORs=1.6011.94). 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 (SS8 scores) were significantly greater in those endorsing hyperada6i821, Crisq, [0.199,
0.442],P4>.999,BFrope=6.64 10°), although the smaller effect of misophonia status on this outcome reached

a level of statistical but not practical significande.168, Crésy [0.042, 0.295]P¢=.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 (assessé® ondin@l scale),

was significantly higher in individals with hyperacusisdg=0.627, Crése [0.448, 0.803],P¢>.999,
BFrore=3.07 10F). 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 significkne®.232 Crlgsy, [0.046,
0.414],P4=.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,-atgmseld
substantially higher rates of spedooisedifficulties, as assessed by a single Likert itef£0.777,

Crlgse, [0.585, 0.961],P¢>.999 BFrope=7.1310"; >99.9% probability of larger hyperacusis effect).
Conversely, PROMIS Angesymptoms were significantly higher in the misophonia group, a pattern which
wasnodt observed in ide@2A94; Cridi0al86s0.39RiPs> 999 BRrgpEli2280t s i s (
99.6% chance of largenisophonigeffect). Hyperacusialone (but not misophonia) was significantly related

to an increased prevalence of tinnitus, tinnitus disorder, and synestbé&al(632.22), as well as
increased numbers of FSS diagnos&R€1.35, Crbsy [1.13, 1.63],P4=.997, BFrope=3.44), with the
posterior probabilities of hyperacusis effects being larger in each of those cases ranging betiv@er282.9
Higher migraine frequency was statistically associated with both hyperadssi®.211, Crbse,[0.037,
0.388],P4=.990,BFrope=1.55) and misophonia{=0.209, Crsy [0.022, 0.389]P¢=.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-B}, diagnosed hearing loss,
traumatic brain injury, or number of psyatric diagnosesTable 3.3)

Posthoc regression models were also conducted to examine associations of each condition with sex
and gender minority status, given #ignificant 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 signifelantijed rates of both
hyperacusis@R=1.81, Crbse[1.31, 2.51],P3>.999,BFrope=58.7) and misophoni®R=1.67, Crbse [1.18,
2.35],P¢=.998,BFrope= 12.5) after controlling for age, gender minority status, anxiety, depression, and the

other DST conditin. However, in the multivariate model for gender minority status, midgphonia
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Table3.2: Correlations Between Decreased Sound Tolerance Measures and Selected Clinical Outcomes Across the Full Sample

IHS Total  IHS-LOUD  PAINHYP D\T/c'\)/'t:lQ DVMSQ-SS DMQ-SS  DMQ-IMP Tr'?gggrs ghso'\f];) SRS2 ASRS Total PRA?\I'\Q'S'
IHS Total 3 [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 3 [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 8 [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 ) [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 3 [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 ) [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 8 [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 8 [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 3 [0.49,0.58]  [0.47,0.57]  [0.56, 0.65]
SRS2 0.59 0.56 0.38 0.49 0.44 0.55 0.54 0.45 0.53 G} [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 G} [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 3
Mean r2 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 DSTr? 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-DSTr 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 diadp@naas 95% highedensity credible intervals are presented above the diagonal.
All correlations were statistically significariHS = Inventory of Hyperacusis Symptoms; HOUD = | HS A Gener al Loudnesso subs

Vanderbilt Misophonia Screening Questionnaire; DMVS® = DVMSQ Symptom Subscale; DMQ = Duke Misophonia Questionnaire;-BB8© DMQ Symptom
Subscale; DM@MP = DMQ Impairment Subscale; DMQ Triggers = @baf misophonia triggers from the DMQ; DSRhono = Specific Phobia Severity Scale for
DSM-5, modified for Phonophobia; SRS= Social Responsiveness St&lecond Edition Total -Bcore; ASRS = Adult ADHD Selfeport Scale; PROMIANX =
Patient Reported Ocbme Measures Information System Anxiety Stiortn T-score; DST = Decreased Sound Tolerance measure (i.e., all measures exe2pt SRS
ASRS, and PROMI&ANX).

aExcludes diagonal and withimeasure correlations greater thia®.85 (e.g., between a subscale and total score).

106



Figure3.1: Univariate Associations between Categorical Decreased Sound Tolerance Disorders and Demographic/Clinical Outconsts of Intere

Categorical Outcomes
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(A) Associations with categorical outcomes, indexed by odds r&igs)((B) Associations with continuous/ordinal outcomes, indexed by standardized mean diffedenrabsi), Gray
rectangles indicate the regionmfctical equivalence (ROPE). All effects are presented as their posterior medians and 95%émgitgstredible intervals (Crls). Practically
significant association®8Frore>3) are bolded. DST = Decreased Sound Tolerance; PE Tubes = Pressure Equalization Tubes; FSS = Functional Somatic Syndrome.
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Table3.3: Regressiorbased Associations between Decreased Sound Tolerance Disorders and Clinical Outcomes

) Association with Hyperacusis Association with Misophonia Difference

varievle Effect [95% Crl] Pd BFrore Effect [95% Crl] Pd BFrorE Pd, (Hypi Miso)
Autistic Traits (SR) 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 0.626
Somatic Symptoms (SS5§ d=0.321[0.199, 0.442] >0.999 6.6 10° 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 1.2210° 0.996
Quality Ogﬂffo()PROM'S d=-0.046 [0.166, 0.071] 0.771 0.045 d=-0.120 [0.245, 0.003] 0.971 0.315 0.76F
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
Speeckin-noise (single item) | dora = 0.771 [0.585, 0.961] >0.999 71310 dora = 0.078 [0.114, 0.277] 0.783 0.153 >0.999
Phonophobia (DSMPhono) d=0.579[0.471, 0.689] >0.999 5.08 10° d = 0.460 [0.343, 0.574] >0.999 4.28 10° 0.893
Migraine frequency (ordinal) | dora= 0.211[0.037, 0.388] 0.990 1.55 dora = 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) | dora = 0.627 [0.448, 0.803] 0.999 3.0 10° dora = 0.232 [0.046, 0.414] 0.993 2.17 0.995
Medical care for DSTbinary) OR=1.94[1.32, 2.89] >0.999 49.6 1.60 [1.07, 2.36] 0.990 4.76 0.723
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All effects based on Bayesian studéntgression models, orderpdobit 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 Anxgtgr€), depression (PROMIS Depsion Tscore), and the other decreased sound tolerance
condition (hyperacusis and misophonia effects for a given outcome derived from the same modeh. S&t&l Responsiveness St&econd Edition; ASRS = Adult ADHD Self
report Scale; SS8 = Somati Symptom Scale8; PROMISGH10 = Patient Reported Outcomes Measurement Information SystetarrlGlobal Health Short Form; DSMhono =
Specific Phobia Severity Scale for DSBJmodified for Phonophobia; FSS = Functional Somatic Syndrome; DST = DecB8masati Tolerance?s = Probability of DirectionPd,Hypi
miso) = Probability of Direction for the difference between hyperacusis and misophonia regression slopes (values greateretamtéddrpboldBFrore = Region of Practical
Equivalence Bayes Factalsd = ordinal standardized mean differenti®R = Incidence Rate Ratio.

aValue represents the posterior probability that the misophonia effect is greater in magnitulke Hymeracusis effect.




remained significantly predictive of this outcom@R=2.01, Crise, [1.31, 3.11],Pg>.999, BFrope=41.6),
with the effect for hyperacusis now inconclusi@RE1.31, Crbsy [0.849, 1.99]P+=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 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 weeirerestiated
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 welBecause 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 asheela 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,
autistictraits, 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,
speechin-noise difficulties, synesthesia, tactile allodyréad 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 associdtion wit
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 phenetwith a larger number of potential downstream effésse
also Scheerer et al., 2024 for similar findingdpwever, 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 hyperacusislanisophonia 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 targezatiggrend intervention

efforts.

3.3.1 Dimensional Analyses
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Dimensional analyses of DST symptoms in this sample demonstrated thrapsetéd measures of
hyperacusis, misophonia, and phonophobia symptoms are strongly associated in autistic adults, with the
pattern of correlations not necessarily indicating thaasares 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-autistic samples previous(Brennan et al.,

2023; Williams, Cascio, et al., 2022)is notable that some of the correlations in the present study are higher
than seen in neautistic samples, and the sampling of measures is substantially more extensive. Remarkably,
correlations between DST measures and severaDi®JIn constructs (aneaty, autistic traits, and ADHD
symptoms) were also moderdtestrong (on the order of 0.8.6), although across 90 pairs of DST/DST
DST/nonrDST correlations, there was an average 89% posterior probability of the DST/DST correlation
being larger. Thisndicates that despite relatively strong patterns of intercorrelations between DST measures
and between DST measures and-B&T measures, there is meaningful evidence that many of the DST
dimensions appear more closely related to one another than theyaartéstic 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 48T measures. For instance, the measure of pain
hyperacusis frequency correlated at approximate®).5 with other DST constructs (i.e., misophonia,
phonophobia), which frequently did not significantly differ from thosepani n DST constructso
with anxiety, autistic traits, or ADHD symptoms. Correlations between phonophobia and anxetfterer
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 withimetlarger 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 interchangedbk, approximately>0.7; Carlson & Herdmar2012) 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 remaingnclear how methodologically to provide a clear separation between
these symptom dimensions in the autistic population, but to the extent possible, cimstewetnt biases in
guestionnaire respondirfg.g., acquiescence, social desirabilityrexe 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, 2016Additionally, 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 thex 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 trandge/nonbinary (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 condittbretevant 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 prevalencesties of both hyperacus{faulin et al., 2016dnd misophonig Kél € - et al
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 fand non
autistic) females as opposed to males remain uncertain, although our models demonstrate that elevated
symptoms of anxiety and depression seen in autistic femalestcalone explain the gap in prevalence.
However, the one largscale genetic study of misophonia published to (latd. A. Smit et al., 2023joes
indicate that it shares genetic underpinnings with internalizing disorders such as depression and anxiety
disorders, which also demonstrate robustis&sed differences in prevalence of a similar magnifude
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., 202430 it is unlikely in our opinion that the unique association of misophonia with gender
minority status represents an effect of internalizing psychopathology. Nevertheless)nvee 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 indepeiigt 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 anxietyhased DST disorder that can arise secondary to symptoms of either
hyperacusis or misophon{@Villiams, 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 hyperacasid 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 datisonstrmultiple
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 st(Ress 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 $igperacu
effects over the misophonia effects (888.1% 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 hyperacusispitus, and misophonia in autistic and ramtistic 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 hearingdbes& Polley, 2023;
Sheldrake et al., 2015) and sedported hearing loss (A. L. Smit et al., 2021) in the general population.
However, selreported speeeim-noise difficulty was also associated with hyperacusis, as has been
demonstrated previously general population samples both in children (Ahmmed & Mukherjee, 2021) and
aduts (Cogen et al., 2024). Speedohnoise 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 thautistic individuals often exhibit on laboratory tasks (Alcantara 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 intiscgpopulation to specifically
examine relations between speéainoise performance and DST (in this case operationalized using
categorical loudness scaling of speech stimuli) found no such asso@aigop et al., 2016)Thus, it may
well be the case that associations between hyperacusis and listenwige difficulties observed previously
in general population samples are limited to the level of subjective symg@wgen et al., 2024xand
performancebased evaluations of psychoacoustic logdneggrowth and speeghcognitionin-noise
performance (which may be less confounded by shared method effects) remain relatively independent.
Further research, incorporating multimodal (subjective and perforrimsss) assessments of both

hyperacusis andpgechin-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 detratesl to report increased levels of sensory reactivity
similar to autistic adults, including on a subscale measuring auditory-tageivity (Ward et al., 2017).

Thus, it is plausible that synesthesia within the autistic population is a risk markarofer severe
hyperacusis (as well as other sensory features), presumably due to its association with altered cortical
excitability (Ward et al ., 2017) . The constell ati
neurological/headache literature) rdpwith 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;dle€021; 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 indivduals without previous symptoms; additional neurological symptoms such as tactile allodynia
and photophobigas well as headaches and a clinical history indicative of brain injury and/or a headache
disorder) could potentially indicate to clinicians wheantismassociated hyperacusis is complicated by
further neurological concerns. In such cases, multimodal treatment of the underlying headache disorder may
lead to substantial improvements in hyperacusis symp{abwmuzari et al., 2020)as well as other sensory

and headacheelated symptoms, leading to marked increases in quality of life for the autistic individual.

Hyperacusis was further found to be associated
diagnoses (e.g., fibromyalgia, myalgic encephalomyelitis/chronic fatigue syndrome, irritable bowel
syndrome, interstitial cystitis) reported by autistic admltsur sample, an association that was not explained
by demographic factors or @xcurring psychopathology. This finding was further supported by a stronger
association of hyperacusis than misophonia with somatic symptom burden in a similar regression mod
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 pasyndrome, temporomandibular disorders, and chronic migraine, where
hyperacusis is a frequent comorbidi8uhnan et al., 2017\lthough current data are insufficient to answer
this question, the degree to which hyperacusis itself can be consideredtianfindisorder should be
examined, particularly given the strong tendency
unexplainedo sympt oms t(Kanaarset al.c200¥;tvan dev Meuten et al.j202d;i vi du
Wessely et al., 1999)The etiology and pathophysiology of most functional disorders is quite poorly

understoodHenningsen et al., 201,8hough they are generally considered to be multifactorial syndromes
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that are largely unrelated to structural changes in the organ of infasees& ostensibly the case with
hyperacusis, given the lack of replicable peripheral auditory correlates of the condition detected to date; see
also Baguley et al., 2016n one genergbopulation study of hyperacusis prevaleeaulin et al., 2016)
hyperacusis, defined according to physician diagnoses andepetted 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 relsé&aneeded 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 somaticosyeslior bodily

distress disorder@enningsen 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 arsl lieen proposed by some as an essential feature of the
condition (Jager et al., 2020Nevertheless, the anger elicited by misophonic triggers is often brief and
transient, and for many adults it may naoifestsr i se t
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 pivta 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 aditedacanmeasures
devel oped by the research team to determine disord
survey study was conducted entirely online usingreglbrt. Future studies should attempt to replicate these
findings utilizing othe 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., shess, migraine, traumatic brain injury)

were based on single sedport items, despite more-tkepth assessments being possible for these conditions

in laboratory or clinical settings. Another limitation is the lack of a control group céntstic indviduals.

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 etasame measures of exposure and outcome are needed to confirm
differences between autistic and rauttistic individuals with DST. Lastly, this study was limited to a group

of autistic adults that was disproportionately female, late diagnosed, and ldgbbted. 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 wuncl ear h o w findiegs Will geemlizecto the falinspectrsim af chytistis
individuals, namely younger children/adolescents and individuals with more significant cognitive or
language impairments. Future work examining the correlates of DST disorders in the autistitiguojgula

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 populati?dhether measured categorically or dimensionally,
hyperacusis and misophonia were strongly related. As such, it is not surprising thatdeerassociations
between either DST disorder and other variables demonstrated significant associations wyjthdratuhis
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 D Eeveral 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, howeveymgtioms 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 pee 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 preliminark demonstrates that even at this early stage in
the research, there is wutility in no longer consi de

but separate entities to be diagnosed, researched, and treated in their own right.
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CHAPTER 3 SUPPLEMENTARY MATERIALS

Supplemental Tablg.4: Zero-order Associations of Hyperacusis and Misophonia Status with Demographic and Clinical Variables

Variable Association with Hyperacusis Association with Misophonia
Effect [95% Crl] Pd BFropPe Effect [95% Crl] Pd BFropPe
Age d=0.007 }0.125, 0.144] 0.542 0.024 d=-0.028 }0.168, 0.11(] 0.656 0.032
Female sex OR=3.07 [2.29, 4.10] >0.999 13310 OR=3.06 [2.28, 4.18] >0.999 6.98 10°
Gender minority OR=2.39[1.63, 3.53] >0.999 130 OR=3.30[2.24, 4.90] >0.999 74810
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) dora=-0.014[-0.151, 0.119] 0.584 0.024 Cora =-0.036 [0.173, 0.105] 0.696 0.034
Psychiatric diagnoses dora = 0.457 [0.318, 0.591] >0.999 118108 dord = 0.493 [0.352, 0.629] >0.999 1.021¢°
FSS diagnoses dora = 0.481 [0.288, 0.668] >0.999 118 10° dord = 0.477 [0.284, 0.668] >0.999 1.181¢°
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 1.33 10 OR=2.07[1.58, 2.72] >0.999 594
Tinnitus disorder OR=12.97[2.23, 3.91] >0.999 3.2B1C¢° OR=2.77[2.08, 3.67] >0.999 1.0B10°
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
Speeckin-noise difficulty dora = 1.14 = [0.953, 1.33] >0.999 3.78 1018 dora = 0.776 [0.588, 0.962] >0.999 4.2B1C°
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 3.9B10° OR=2.77 [1.96, 3.87] >0.999 1.02810¢
Tactile allodynia on/near eal 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 tubeg 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 3.48 1018 d=1.01[0.868, 1.16] >0.999 1.06 104
Depression (Iscore) d=0.617 [0.480, 0.753] >0.999 5.0B1C° d=0.766 [0.626, 0.909] >0.999 25B10°
Phonophobia (mean score) d=1.53[1.34, 1.73] >0.999 9.72 10 d=1.48[1.29, 1.68] >0.999 3.2210%°
Use of any ear protection OR=4.29 [3.29, 5.67] >0.999 22810 OR=3.20[2.43, 4.25] >0.999 2.8% 10°
Sought medical care for DST OR=3.31[2.29, 4.70] >0.999 1.0 10° OR=3.01[2.11, 4.24] >0.999 1.4810°

All effects based on Bayesian tvgooup comparisons (GlnBlickey contingencitable tests, BEST [Bayesian Estimation Superseddstéis¢}like Bayesiart-tests, and orderegrobit
regression models). Practically significant effe@Brore> 3) are presented in bolBs = Probability of DirectionBFrore= Region of Practical Equivalence Bayes Factor; FSS =
Functional Somatic Syndrome; DST = Decreased Sound Tolemwceordinal standardized mean difference.
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Supplemental Figur®.2: Scatter Plots between Hyperacusis and Misophonia as well as Anxiety and Depression

A Be
[} Q i
g 8 80
7 -
1; S 70-
= )
Q 8
x D 60-
e
< )
) (o
S 0’
8 =
(A O @O MO G GCM® @M O@M 00 00 (@] 840- GO @O ©AE@D CooP GO0 ABEOO@d O™ 000 O 0O
1 2 3 4 Q- 1 2 3 4
IHS General Loudness Subscale IHS General Loudness Subscale
C Do
() Q' on |
:—OJ $ 80
7] o
|; S 70-
= ‘O
@ g
x L 60-
o
< )
%) [ R
= 0 >
O =
T @EmOTOO@O O® 00 O O Q 40-
1 . ] ] 1 m
0 25 50 75 o
Duke Misophonia Questionnaire Symptom Subscale Duke Misophonia Questionnaire Symptom Subscale

Associations betweef\) hyperacusis symptoms and anxi€B) hyperacusis symptoms and depress{@) misophonia and anxiety, aid) misophonia and
depression across the full sample of autistic adults. Hyperacusis scores are slightly jittered on the X axis to praméiat suegap. Trendlines represent ordinary
leastsquares fits. IHS = Inventory of Hyperacusis Symptoms; PROM?&tient Reported Outcome Measurement InformeSigstem

126




4 CHAPTER 4

The Multidimensional Inventory of Sound Tolerance in Adults (MIST-A):
Psychometric Evaluation of a Dimensional Selfeport Measure of Hyperacusis, Misophonia,
and Other Disorders of Sound Tolerance in Autistic and Norautistic Adults

4.1 Introduction

Individual differences in tolerance to everyday sensory environments have been studied for decades
in the psychological literatur@Vard, 2019) particularly with reference to neurodevelopmental conditions
such as autism spectrum di sorder (hereafter referr
clinical and norclinical populationgCritz et al., 2015; Dunn et al., 2016; Lane, 2020; van den Boogert et
al., 2022) At the extremes of these individual differences, innocuous sensory stimulevamygday
environments can become intolerable for some people, resulting in substantial distress, disability, and the
diagnosis of a sensofyased medical condition such as photophaibilali & Dilli, 2018; Katz & Digre,
2016) multiple chemical sensitivitfRossi & Pitidis, 2018; Zucco & Doty, 2022)nd hyperacusiSalvi et
al., 2022; Tyler et al., 2014%imilar to the domain of psychopatholo@gaton et al., 2023; Simonsen, 2010)
sensory differences can be conceptualized categorically and dimélysiaith these approaches providing
compl ementary information about an individual 6s rep
present investigation represents an initial attempt to explore the construct space of one of these individual
difference domains and its constituent disorders, nametyeased sound toleran¢BST; 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 probl emati c i (Menyetald2022i ZninWiliama eétal., 202808da r o n me n t
di mensi onal construct, it is inversely related to |
of sound (of any kind) without having an adverse reaction, such as finding the sound excessively loud,
experiencing ear pain, becoming aged, feeling anxious/distressed, experiencing somgatp®ms, 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 @014) DST represents four dimensions of sound intolerance:
loudness (i.e., experiencing everyday sounds as excessively loudji.gaiexperiencing 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 feefiimgtation or anger in response
to sounds), and fear (i.e., phobic anxiety and/or acute fear/panic directed towards sounds-i@latednd
situations).

At the pathological end of each of these dimensions exist several clifitaiigosable DST
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disorderqFagelson & Baguley, 2018a; Henry et al., 2022; Jastreboff & Jastreboff, 2015; Mgller, 2011; Z. J.
Williams et al., 2021)The loudness and pain dimensions correspoinyperacusisa hearing disorder in

which innocuous or moderatetensity 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 renias an area of controversy among clinicians and resear@kdass et al., 2021)many in

the field follow the original DST framework of Tyler et &014)and subdivide the condition intoudness
hyperacusis(a disorder in which moderatetensity sounds are perceived as excessively loud, causing
significant distress and functional impairment; Tyler et al., 2014; Z. J. Williams et al., a8@dpgin

hyperacusiga disorder in which moderater highiintensity sounds substantially below the typical auditory

pain threshold reliably cause an individual to experiencerlagad pain; Salvi et al., 2022; Z. J. Williams,

Suzman, et al., 2021d)lotably, individuals with pain hyperacusis typically also demonstrate the features of
loudness hyperacusis, whereas many individuals do experience loudness hyperacusis withaudsoechd
pain(Z. J. Williams, Suzman, etal., 2021a) Pat hol ogi cal | evel s nusbphéghannoyanc
a DST disorder in which specific fAtriggero sounds
excessive and inappropriate einotl 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 dAfear o di pheroghobma specific ppoBid of sowndsroesguptionsd s t o
associated with uncomfortable sounds, often occurring secondary to another DST disorder (Fackrell et al.,
2019; Henry et al., 2022; Mgller, 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 ye@@anesh et al., 2021; Goncgalves & Monteiro, 2023; Poulsen et al.,
2024; Sato, 2022; Stefanelli et al., 2020; Timms et al., 2022; Z. J. Williams et al., 2d2d3timated 50
70% of autistic individuals experience clinically significant DST symptoms at someipdieir lives(Z. J.

Williams, Suzman, et al., 2021band there is evidence that all major DST disorders (i.e., hyperacusis,
misophonia and phonophobia) contribute to the substantial burden of DST in the autistic pofZilation
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 an({Gitaptsr 2; Chapter

3; Scheerer et al., 2022, 202¥gs begun to examine hypeuais 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 @utidmwWilliams,

Suzman, et al., 2021bg¢mpirical studies on this overlap are surprisingly sparse, and many fundamental
guestions regarding the nature of autimiated DST and its pathophysiology remain to be answered.

A major area of methodological uncertainty in the field of DST research is how bresiature
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DST symptoms or their severity. A number of gelbort rating scales currently exist to measure hyperacusis
and misophoniéfor reviews see Fackrell & Hoare, 2018; Kula et al., 2paBhough a notable limitation of
nearly every scale published to date is the fact that they largely measure only one of the theoedgicaiy
DST di mensi ons, often either @Al oudnesso (hyperacus
include (a) the Inventory of Hyperacusis Sympto(iisS; Greenberg & Carlos, 28), a hyperacusis
symptom and impact questionnaire with single items assessing pain, annoyance (due to loud sounds rather
than misophonidike reactions), and fear; (b) the Sound Sensitivity Symptoms Questioi88i88); Aazh
et al., 2022)a fiveitem screening questionnaire that assesses briefly for all four domains of DST with only
a single item each (i pmcalindiung pohryes iecxatlr ad iistceonmffoorrt ofi n
Decreased Sound Tolerance St8lereening(DSTSS; Allusoglu & Aksoy, 2023) a tridimensional
screening questionnaire that simultaneously screens for hyperacusis, misophonia, and phonophobia. Of these
existing measures, the DSTSSis the closest to adequately assessing all four theoretical dimensions of DST
proposed by Tyle(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 piiglgsto 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 attentiondeficit/hyperactivity disordeBijlenga et al., 2017; Ralli et al., 2020)hus, there is a pressing
need to develop and validate more dimensional measures capturing the full breadth of DST symptoms across
multiple clinical and nostlinical populations.

The present study represents an initial attempt to fill this lacuna with the development and initial
psychometric validation of a novel sedfport measure of DST symptomatology that adequately samples all
four di mensi o2&4)fwamewbrk(the Mulidimensiénal 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 authfthe Vanderbilt Inventory of Sound Tolerance in Adults; VISTA; Z. J.
Williams, 2020) ltems for the VISTA were generated from (a) a comprehensive review of all existing
measures of hyperacusis and misophonia symptoms published before wintdb262® on Fackrell &
Hoare, 2018 an-de ad d®)énfomnpl discussidnawithdfive adults (two autistic males,
one autistic female, two nesutistic femals wi t h hyperacusis) in the author
their lived experience of DST, (c) approxi mately or
engaging with selelected hyperacusis, misophonia, and autism patient communiti@gebook 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 fi-ah o ooigndive interviewgWillis, 2018)with two autistic adults (one male one female) and one

nonautistic female with hyperacusis, as well as unpublished pilot psychometric data in a sample of 936
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autistic adults (the same sample reporte@hiapters 2 and)3After 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 affauri n t bi pol ar (f&g meoeamdryt O

d sagtoe8dr agrgdmafivepoi nt uni pol arfiNd v etyaryeditedy) 0 Thal e

scale (now renamed to the MISTA) was then refined a final time via expert consultatidth a leading

clinician-scientist in the field of DST research (the late Professor David M. Baguley, University of

Nottingham) before reaching its current fidevel opmer
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 anid éissociated disorders. Furthermore, this measure

was validated in several samples of clinical and-derical participants with varying levels of DST,

including special populations such as autistic adults, in an attempt to provide evidence to suppewdrid

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 represeatameaningful 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 (td¥l2807) were derived from five separate studies. The first
study was a largscale survey of general population adults in the United States, recruited Aeotifie
(Palan & Schitter, 2018yrowdsourcing platform (PROA samples1403). The second was a survey of
individuals with clinically significant hyperacusis or misophonia recruited primarily via social media and
patient support groups/forums (ClinDST sampke516). The third was a survey of adults with ofiéwm
neurodevelopmental disabilities (autism and/or ADHD) and general population controls, recruited from a
combination of the Simons Foundation Powering Autism Research for Know(88gdRK; The SPARK
Consortium, 2018rohort, CloudResearcliformerly TurkPrime; Litman et al., 201,7andProlific (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 otidsitified autistic adults (AUT sample=295).
Lastly, the final sample was a laboratory study examining the perceptual and neurophysiological correlates
of DST in autistic and neautistic adults (LAB sampla=115). Inclusion and exclusion criteria for each of
these studies differed substantially (additional detail on each study is presesgetion 4.7.}, although all

participants were adults over the age of 18, fluent in English, and able to consent for themselves. All

130



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, CIinDST, and LAB samplesniversity of California Davis (NDD sample), or
Macquarie University (AUT sample).

Participants in the study were divided into twc
popul ationo group. The clinical group comprised all
as all individuals diagnosed with autism or ADHD iryaample, and individuals from the LAB sample with
clinically significant DST based on a seastructured clinical interview (sesection 4.7.Zor the specific
criteria used in each study). The general population sample included individuals from the RERNB2
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 populationipgrants Table 4.).

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 newlydeveloped selfeport measure of DST symptoms
that assesses the four theoretical dimensions of loudness (hyperacusis), pain, annoyance (misophonia), and
fear (phonophobia) proposed by Tyler and colleag®@%4)in their seminal review. The MISA contains
27 Likerttype items, in which respondents rate the frequency at which a given symptom or beaavior h
occurred over the past month on an ordinal scale rangingifrbhe v er ( not i f0pdintspto past mi
AVery often ( mul t4ippihtgd. Natablymehe formealso irtlades) skip logic wherein
respondents that answer A00 to all of the first ni
major categories, no use of ear protection, and no avoidance of sounds) do notectirapéemainder of the
form, as they are unlikely to provide nonzero answers to any of the remaining Seipised items were
treated as missing for the purposes of later analyses. Additionally, a subsample of participants in the current
study (=328, including the entire AUT sample and 33 individuals in the LAB samplapleted an earlier
development version of the MISA that lacked three of the items included in the final form (itemdilb:
struggled to put up with sounds that | couldn'tconfrol, i B: had a hard time putting
for mor e t harmmnd®0iff Tehwe sseoccuomdd ise ias soyoudahatr needed to talk quietly
or wh i Asphe MISBA was ultimately scored within an item response theory (IRT) framework (see
Data Analysisection for additional details), itelavel 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. Asstilof 90 out of the 115 individuals in the LAB sample
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completed the MISTA on two separate occasions (one online and the othgerson) an average of 10.66
weeks apart (rangéd B3.43 weeks), allowing for us to assess thersist reliability of the MISTA scores.
Within this sample, the #person MISTA scores (completed more recently and contemporaneously with

other laboratory study data collection) were used in esestional analyses.

4.2.2.2 Other Measures of DST Symptoms

In order to compare the MISA subscales generated in the present study with existing dimensional
DST measures, participants in the PROA, LAB, and ClinDST samples completed the Inventory of
Hyperacusis Symptom&eneral Loudness subscdlelS-LOUD; Aazh et al., 2021; Greenberg & Carlos,
2018) the Duke Misophonia Questionndi&ymptom subscalldMQ-SS; Rosenthal et al., 2028nd the
Specific Phobia Severity Measure for DSWIModified for Phonophobia (DSMPhono; Z. J. Williams,
2021). Additional informatiombout these scales can be foundantion 4.7.4Notably, there are few, if any
validated measures of pain hyperacusis severity. Thus, we quantified this construct with a singledface
item assessing the frequency of soiumdliced pain over the past month on asdint Likert scale from

fiN e v @ roRix fr more times per day.

4.2.2.3Non-DST Measures

In order to test the divergent validity of the MI&Tsubscales, we assessed the correlations of the
newly developed scales with measures of several theoretically related but putatively distinct constructs (see
section 4.7.4for detailed information on each measure). We utilized the Comprehensive Autistic Trait
Inventory (CATI; English et al., 2021as a dimensional measure of autistic traits, calculating the sensory
subscale score (CAT3EN) as an index afonDSTsensory hypereactivity, excluding a DSTelated item
from this subscale to reduce overlap with D®Tated constructs. We also administered the Overall Anxiety
Severity and Impairment Scal®©ASIS; Norman et al., 2006the Overall Depression Severity and
Impairment Scal€ODSIS; Bentley et al., 2014and the Vanderbilt Fatigue Scale for AdUl8 item version
(VFS-A-10; Hornsby et al., 2023hich served to index general anxiety symptoms, depressive symptoms,
and listening fatigue, respectively, in analyses of convergent and divergentyvdiltise 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 tie VFS
10 completed by the PROA, ClinDST, and LABmples.

4.2.3 Data Analysis

The psychometric properties of the MI&T 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 thediRT; Cai et al., 2016)All statistical analyses were conducted in the R

statistical computing environment, version 4.G0Core Team, 2023ith many of the analyses based on
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functions from the openigvailableZPack.IRT(Z. J. Williams, 2024apndZPack.BayegZ. 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-®|S# first conducted a
bootstrap exploratory graph analy@®otEGA; A. P. Christensen & Golino, 202i3sed on the matrix of
Gaussian rank correlatio(Boudt et al., 2012yenerated using Bayesian bootstrapping with 5,000 resamples
(Rodriguez & Williams, 2022; Rubin, 1981I)his analysis was conducted predominantly usindgctB&net
R package(Golino & Christensen, 2023)as well as the custorBGA.bayeshoofunction within the
ZPad.Bayesscript (Z. J. Williams, 2024b). To reduce the zera f | at i on i nherent i n
caseso (i.e., i ndividual s wh o-A gemg and dscreghn€ddout ofrthe a | |
remaining itemsn=330) were excluded from bootEGA analysis, and all remaining individuals with listwise
complete MISTA data (=2163) were included in the bootEGA. For each bootstrapped correlation matrix,
we estimated a regularized partial correlation network usingBt€glassalgorithm and tuning paraster
=0.5 (Epskamp & Fried, 2018and 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 t heomfynityistrudturee st i mat

of the MIST-A items was derived (using the safRICglasscestimation and Louvain community detection
algorithm as for individual bootstrap iterations). The stability of this community structure over the 5,000
bootstrap iterations wahken tested using item stability and dimension stability indige®. 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 providedrtbér describe the structure of the scale. Notably, before
conducting this analysis, we combined redundant items on the-W]$8&fined as those flagged bmique
variable analysis (using the matrix of peegtimate Gaussian rank correlations) based on a weighted

topological overlap (WTO; Gysi et al., 2018) cutoff of O(25 P. Christensen et al., 2023)

4.2.3.2 Item Response Theory Analyses
4.2.3.2.1Model Specification

After demonstrating the dimensionality of the MIAT we further modeled each subscale of the
measure within an IRT framework using timért R packaggChalmers, 2012)specifically fitting either a
unidimensional or bifactor graded response m¢@&M; Gibbons et al., 2007; Samejima, 198y every
dimension of the MISFA separately. All models were fit using fatiformation marginal maximum
likelihood estimation based on the expectatisaximization algorithm{Bock & Aitkin, 1981) In the case
of bifacta GRMs, a weakhjinformative 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 clinisahgulbs (now

using all data, including zero caseashd upon finding a suitable structure that fit adequately in both groups,
we fit a multiplegroup GRM in which the latent trait distribution(s) of the general population group were
standarehormal but the mean(s) and variance(s) of the latent trait(f)eirclinical group were freely

estimated.

4.2.3.2.2Model Fit Assessment and Refinement

IRT model fit was assessed using @dimited-information goodnesef-fit index (Cai & Monroe,
2014);C,-based approximate fit indices including the Tuekewis Index(TLIc,; Cai et al., 20233and Root
Mean Square Error of ApproximatigRMSEAc,; MaydeuOlivares & Joe, 2014and the standardized root
mean square residug@RMR; MaydetOlivares, 2013)Per standard convention in the structural equation
modeling literature(Browne & Cudeck, 1992)RMSEA:; was presented with 90% rather than 95%
confidence interval#Acceptable model fit was dekd as TLt>>0.97, RMSEA<.089, and SRMR<.05 (Cai
et al., 2023; Mayde®livares & Joe, 2014)n the case of a threeem scaleC, could not be computed at
the singlegroup 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 depedency, with values greater than +0.1 indicative of local model misfit. We also examined
Qs residual correlationéYen, 198l) as a local dependency measure, using the percentile bootstrap method
of Christensen et a{2017; 95" percentile value)o derive empirical cutoffs for £n 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 adequat fit or demonstrated local dependency in multiple items in either the general populatiorcal clini
group. Models were fit iteratively until adequate fit was achieved in both groups separately and in the full

sample (using a mulgroup model).

4.2.3.2.3Differential 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 thHelF.wald.iter function ofZPack.IRT(Z. J.Williams, 2024a) In
brief, the anchof r e e -ZidWap rdoc ed ur e p[ROOYivfestuded o wnssdssafor BIE, and all
other items not flagged as having DI F alroe pursoecde dausr ea
(Woods et al., 2013Although the tests included in the present iterative Wald algorithm have not changed,
we have slightly altered the procedure by including a Benjalcihberg(1995) p-value adjustment to
control the false discovery rate, and all items flagged as mmg fisi gni fi cant o DI F mu
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minimum DIF effect size of Expected Score Standardized Differdf®88[)>+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\ittlials who selidentified as autistic but did not have formal
diagnoses), (e) age group (youngeri[3@ vs. older [31+] adults; based on an approximate median split),

(f) sex (males vs. females/intersex individuals, with the latter group combined theelimited number of

intersex individualsfi=3] and the substantially higher preval enc
in the population; Berglund et al., 2016, 2017), (g) race/ethnicityKhspanic White vs. all others, with the

latter group pooled due to the limited size of most réatiahic minority groups in the sample), (h) level of

education (completed foyear college vs. no fotyear degree), (i) ADHD diagnosis (present vs. absent),

() lifetime anxiety disorder diagnosis, (k) lifate mood disorder diagnosis (present vs. absent), and (I)

tinnitus status (present vs. absent). DIF was further quantified using the effect sizes proposed by Meade
(2010) including theESSD( a st andar di zed DI Fdlikeinéticktand tleiUasgned n a Cc
Item Difference in the Sampl&J(DS; the expected difference in observed item scores between groups if

both had the same mean on the latent trait).-leesi versions of these measures, namely the Expected Test

Score Standardized Differenc&TSSD and Unsigned Expected Test Score Difference in the Sample
(UETSD$ were used to quantify the total effect of DIF at the test score level. VallEsSilo f OO0 . 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.

4.2.3.2.4Final 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 replec#tie 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 impidatiuded to

further describe the final multidimensional structure of the measure.

4.2.3.2.5Scoring and Reliability Analysis
After establishing a final structural model for the MIBT we calculated IRIbased latent trait
scores for all subdimensions using the estimatpdsteriori(EAP) estimator (Bock & Mislevy, 1982) and
the general population group of each multigroup GRM (assuming a normal latent trat=@it&D=1). In
cases where a bifactor GRM was used, only the general factor EAP score was interpreted. EAP scores were
converted to Tscores =50, SD=10) for ease of interpretability. We additionally calculated the eogbir
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marginal reliability (x) of each EAP score based on its standard error of measurement (using the
empirical_rxxfunction within themirt 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 intefigflen & Tibshirani, 1986; 10,000
resamples)

Testretest reliability of the EAP scores was also examined in the retest cohort within the LAB
sample §=90) over a mean period of 10.66 (ran{&®43) weeks using intraclass correlation coefficients
(ICC; McGraw & Wong, 1996; Ten Hove et al., 202Rgired EAP scores from the 90 LAB participants who
completed the MISFA 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 Strout an
Fleiss (1979) In accordance with widelgited guidelines for ICC interpretatiofioo & Li, 2016), we
considered ICC(A,1) values of <0.5, 00675, 0.750.9, and >0.9 to reflect poor, moderate, good, and
excellent reliability, respectively. Aa priori-specifiedminimum standard for scale reliability was that the

lower bound of all MISTA ICC 95% confidence intervals exceeded 0.5 (and preferably 0.75).

4.2.3.2.6Known-group Discrimination and Diagnostic Accuracy Testing

A major goal of the development of the MIgTwas to evaluate its ability to screen for multiple
clinically significant DST disorders (hyperacusis, misophonia, phonophobia, and pain hyperacusis) in adults
capable of selfeporting their symptoms. One majmadblock to the development of such screening tools
is the |l ack of consensus diagnostic criteria or a
DST condition to use as a diagnostic criterion. To provide a starting point for more resdhistarea and
to avoid the pitfalls of case definitions that only utilize geffort questionnairgChapter 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 udeihgntistic
and Statistical Manual of Mental Disorde(®SM-5-TR; American Psychiatric Association, 202®)
classify psychiatric disorders. These operational criteria, whichmedéfied from existing criteria sets such
as the Revised Amsterdam Criteria for Misophddéger et al., 202@nd the DSMb-TR criteria for specific
phobia(Bandelow, 2017)were based on an extensie extensiveeview of the DST literature, multiple
consultations with one of -scehtists sfuidyied S® ¢he hate Professoe s p e c t
David M. Baguley, University of Nottingham), incorporation of the recepityposed misophonia consensus
definition (Swedo et al., 2022; published as a preprint at the time of criteria generatidnihe clinical
experience of the first author working with individuals with DST disordersdgetion 4.7.%or additional
justification of these criteria), and tldteria sets have been published previously (Z. J. Williams, 2022).

Asemist ructured diagnostic interview based on ou
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criteria (the Diagnostic Interview for Sound Sensitivity Syndromes [DISSS]), has also been developed and

is currently in wuse i n section4.7g3or addifjodas detailse enehis meaburepr oj e c t
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 intervR8¥s (

were randomly checked for procedural fidelity (based onigeP® checklist developduly the research team),

and a s e c odeavd)clifioen sainedrindadministration of the DISSS scored these interviews while

blinded to the original diagnostic results to allow for the calculation of-nater reliability for each DST
diagnosis(using the quadraticaliweightedl? 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: (@peracusis (including loudness and/or pain
hyperacusis), (b) misophonia, (c) phonophobia, or (
clinicald designations to be made for individuals

condition (seeSupplemental Tables 4.8.9 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 faiSSS diagnoses demonstrated very strong -natier
reliabilities in the subset of cases examined (Loudness Hyperatési®@48 Crlgsy, [.871, .999, Pain
Hyperacusis1>=1.0, Crbsy [1.0, 1.0], Misophonia:l,>=.966, Criss [.889, 1.0, Phonophobiai?=.813

Crlgsy [.554, .989). Importantly, MISTA scores were not known or considered when making a DISSS

di agnosis of a DST condition. Given this wealth of
of DST symptoms from the DISSS and thghthdegree 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 MISTFA 6 s k-graupvdiscrimination and diagnostic accuracy statisticsiffuscores. 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 MISTA subscale validity, we constructed Bayesian ordg@medit regression models
(cumulative likelihood with probit link; Biirkner & Vuorre, 2019) in which each DI®®€rationalized DST
diagnosis (measured ordinally: Clinical > Subclinic®e Diagnosis) was regressed on all VI BEAP T-
scores (within the same model), age, sex, anestale IQ(as measured by the WASB] Wechsler, 2011)

Models were fit in a Bayesian framework using biensR package (Burkner, 2017), witk(0, 2.5) prior
distributions on all intercepts amddbrmal(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 (ebgw of 0.5 indicates that a $D increase in the predictor [e.g.,
misophonia scores] results in a k8D increase in the latent outcome [e.g., misophonia caseness]). We

additionally testetbsisvalues against a region of practical equivalgR@PE; Kruschke, 20183 null region
137



surrounding zero (in this cadew= [-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 Bigtopd Liao et al., 2021;
Linde et al., 2023; Makowski et al., 201y which values oBFrope>3 indicated a practically significant
group difference, values &Frope<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 directidy i e., the posterior probability that
bswis of the same sign [positive or negative] as its point estimate) was also provided for each regression
slope as a Bayesian analog of a frequeptistlue(Makowski et al., 2019)althoughPy values were not used
to determine the significance of effects. As Mi&Tsubscales generally corresponded to specific DST
dimensions/disorders, we hypothesized that each subscale would uniquely predict its corresponding disorder
(i.e., demonstrating a prically significant association with that disorder but with other disorders), after
controlling for the other MISTA subscales and relevant covariates.

To further assess the ability of MISA subscales to screen for DST disorders and determine optimal
cut points for screening, we constructed receiver operating characteristic (ROC) curves usify3dias
as continuous predictors and binary DST disostatus (clinical diagnosis vs. subclinical/no disorder),
matching each DST diagnosis to its most relevant MASdimension for the purpose of computing ROC
curves. Area under the curve (AUC) was provided descriptively (with a 95% hidgnesity crediblénterval
[Crl] 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 diagstic likelihood ratio (LR), the change in prior to posterior odds of a
true positive when an individual screens negatsemes & Schulz, 2005)Using this proposed cut point,
we presented the sensitivity, specificity, positive/negative predictive sydiue, PPV and NPV), and
positive/negative diagnostic likelihood ratios (i.e., LR+ andi),Ras well as the 95% Crls of those
coefficients based on stratified Bayesian bootstrapping (10,000 resamples). We also performed a replication
of performance forwposed cutoffs in a larger but less rigorously characterized sample of individuals with
and without DST derived from the combined PROA and ClinDST samptd919; 406 with hyperacusis,
441 with misophonia, 141 with pain hyperacusis, phonophobia cas@¢sassessed) using their
guestionnairdbased DST designations (gEetion 4.7.2or 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/LIR/Lke online

sample, along with the 95% Crls for all parameters of interest.

4.2.3.3 Validity Assessment
As afinal testofthe MISA6s validity, we sought to examine

with dimensional measures of DST symptoms and potentially related traits. A correlation matrix was
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constructed that included (a) all MISY T-scores, (b) the IH3.OUD score (hyperacusis symptoms), (c)

the singleitem pain hyperacusis frequency item (pain hyperacusis severity), (d) the-E8V€core
(misophonia severity), (e) the DSRHONO total score (mmophobia severity), (f) the CAISEN score

with the DST item removed (nesuditory sensory hyperreactivity), (g) the OASIS total score (anxiety
symptoms), (h) the ODSIS total score (depression symptoms), and AMESlistening fatigue). Pearson,
polychoric, or polyserial correlations were calculated as appropriate, with th6ENE.OUD (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 Baian bootstrapping (5,000 resamples), using the method
described by Rodriguez and D. R. Williarf#022) using thecor.bayesbootunction within ZPack.Bayes

(Z. J. Williams, 2024h)The posterior distributions of zeowder correlations between variablesres used

to demonstrate convergent validity; to be considered equivalent measures of a construct, two scales had to
demonstrate correlations af.7 (Carlson & Herdman, 2012)However, based on prior dimensional
associations across different DST symptom dimengi@Ghspter 3; Brennan et al., 2023; Z. J. Williams et

al., 2022) we hypothesized that all DST symptom domains of the MASWould correlate highly with one

another, as well as measures of other ostensibly differentrBi&fd constructs. Nevertlesk, as these
correlations were supposed to be representing dist
correlations would have point estimates of less tan (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 bootstrapatix ofpartial correlations between the
same 12 variables used for zenaler correlation analyses. We then converted the posterior mean partial
correlation matrix into a Bayesian Gaussian Graphical Model (i.e., a partial correlation network)jrdisplay
all edges with a greater than 95% posterior probability of exceeding a ROREDSf D.05]D. R. Williams,

2021) Communities of nodes within the network were assigned using the Louvain community detection
algorithm, with consensus clustering as implemented iE@®netpackagdA. P. Christensen et al., 2024)

The structure of this partial correlation network, including the point estimate (posterior median) and 95% Crl
of edges of interest and Louvain community structure were interpreted to assess the construct validity of the
MIST-A scales as measures of falistinct DST constructs. For each posterior sample, we calculated the
partial correlation network, smoothed the matrix to the nearest positivedefmite matrix if necessary,

and used this as the joint posterior distribution of partial correlatiora! feariables.

4.3 Results

Demographics of the combined sample, as well as the general population and clinical subgroups
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can be found iTable 4.1(demographics by sample source can be fourBljpplemental Table 4.10The

sample was predominantly White (83.3%), female (61.4%), andedalttated (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 dd@ns simultaneously). Notably, rates of
psychopathology were somewhat high in the sample overall, with 31.1% and 37.5% of the general population
sample repding 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 prevalencevween 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 MASTems revealed one redundant item
pair (items 7: il avoided particular activities or
pl aces because t hey =uw89),ahichwecconbioad thto dsinglenme.i it - iBQ per
itemd before conducting the boot EGA. Bootstrap expl
revealed a foucommunity solution based on a regularized partial correlation network pb#terior mean
correlations Eigure 4.). The four communities generally corresponded tdHg)eracusigi.e., excessive
loudness perception, feelings of overwhelm when confronted with loud sounds, and avoidance of loud
sounds/environments); (Bylisophonia(i.e., anger and/or disgust triggered by sounds, loss of emotional
control due to being triggered, aggressive thoughts and actions in response to souraisi)i(e), physical
pain in response to sounds, pl cesvasperceiged dsisa ldoud as @0l i ter
be aversive when not talking quietly/whispering); and=ghr (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(2014) with Hyperacusis, Misophonia, Pain, and Fear
di mensions |l argely mirroring Tylerés Loudness, Annc
Stability analysis was conducted on the bootstrapped network replications, finding that the four
dimensional solution was the modal solution (70.0% of replications), with alternativedthreesional and
five-dimensional solutions present in 7.5% and 22 cases, respectively. Item stability was found to be

adequate across the majority of items (Mdn=.789, IQR [.677, Suliplemental Figure 4), with all but

one item (item 1: AfSome everyday sounds siating uncom
stabilities above .60 and four additional items below the cutoff ofA6%. 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]; Mophonia: .998 [excellent]). A further inspection of the alternative
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solutions produced in the bootEGA found that a number of the-tanekfourfactor solutions produced a

Aifear and overwhel mdo factor that combined the Fear
Additional combinations of Hyperacusis and Fge@ms, 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 commutigy amdrall 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 furtlr 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 Mi&Titem pool, we fit graded response
IRT models to each bootEGderived dimension (i.e., Hyperacusis, Misophonia, Pain, and Fear), first in the
general population group, then the clinical group, then gathps combined. Starting with the Hyperacusis
dimension, a unidimensional GRM demonstrated adequate global fit in the general population group
(Cx(44)=336.7,p<.001, TLk2=0.986, RMSEA>=.069, Cbhoy [.062, .076], SRMR=.038). However, one
residualcorrelation (items 22/27F;=.126) and two @values (items 22/27: £.254; items 27/7+8: §.164;
critical ;=.118) indicated that there was significant local dependency in this model, necessitating the use of
a bifactor structure. Based onlé&gGh(EdeeiRdwasthenfit as s i gn
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) | oaded onto a
bifactor model demonstied adequate global fit in both the general population gi6y(39)=121.8p<.001,
TLIc2=0.995, RMSEA,=.039, Chow [.031, .047], SRMR=.023) and the clinical group»(39)=295.6,
p<.001, TLk»=0.982, RMSEA>=.078, Chox [.069, .086], SRMR=0.036), and nedlr group demonstrated
local misfit with residual correlations. Two of the; @alues did slightly exceed the critical value in the
clinical group (items 1/9: €¢.105; items 18/19: €.092; critical @Q=.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 g@(38)=745.2p<.001, TLk=0.989,
RMSEAc>=.042, Chow [.039, .045], SRMR=0.033), asgell as no residuals greater than +0.1. Thus, it was
considered appropriate for further DIF (invariance) testing.

The eight Misophonia items of the MISA were also fit to a unidimensional GRM in the general
population sample, demonstratiadequate global fild»(20)=162.3p<.001, TLk>=0.984, RMSEA>=.071,
Clgow [.061, .082], SRMR=0.044) but significant local dependency in two item pairs (items 142528

items 21/24: @=0.143; critical G=.122). Based on this information and EGA community assignments, a
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bifactor § 1 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
Adysregul ati on and demgogstraes sdequate fit in Ddihi tise gemeral @dpulation
(Co(15)=74.3, p<.001, TLk2=0.991, RMSEA>=.053, Choy» [.041, .066], SRMR=0.030) and clinical
(Cx(20)=152.7,p<.001, TLk=0.980, RMSEA>=.081, Chos [.070, .093], SRMR=0.032) samples, and
neither group demonstrated local misfit with residual correlations. Two of thalQes did exceed the
critical value in the clinical group (items 11/213€091; items 17/24: €.111,; critical Q=.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 mo demonstrated extient fit in both groups (GeneralC;(13)=69.7,p<.001,
TLIc2=0.991, RMSEA>=.056, Chos [.043, .069], SRMR=0.037; Clinical:Cx(13)=75.9, p<.001,
TLIc2=0.990, RMSEA>=.059, Cbkos [.047, .072], SRMR=0.022), as well as no local dependency. A
multiple-group model using this structure also demonstrated excellent glob&h#@7}=325.9,p<.001,
TLIc2=0.991, RMSEA=.037, Chox [.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 MISA were also fit to a unidimensional GRM, with exact fit (i.e., a
nonsignificantC; statistic) demonstrated in both the general popula@a®2)=4.29,p=.117, TLk>=0.997,
RMSEAc=.029, Chos [.000, .067], SRMR=0.020) and clinical groupz(2)=3.14,p=.208, TLk,=0.998,
RMSEAc=.023, Cbhos [.000, .069], SRMR=0.013) and no local dependency in either group. No
modifications to the model were made. A mgitoup version of this unidimensional model demonstrated
good fit as wellbased on approximate fit indices, but no longer exhibited exad@fi24)=81.6,p<.001,
TLIc2=0.992, RMSEA>=.033, Chos[.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 C; 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 residualsigmificant Q correlations indicating local dependency.

A multiple-group model, which did have enough degrees of freedom for liimfednation fit evaliation,
demonstrated adequate global fit usif@-based indices #13)=55.1, p<.001, TLk>=0.992,
RMSEA:>=.034, Chow[.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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Table4.1: Demographic and Clinical Characteristics of the Sample and Primary Subgroups

Full Sample
(N=2807)

General Population

(n=1410)

Clinical
(n=1397)

Age (Years)
Sex
Male
Female
Intersex
Gender minority
Hispanic/Latino ethnicity
Race
Asian
Black
Middle Eastern/North African
Native/Indigenous
Pacific islander
White
Other race
College graduate
Autism status
Non-autistic
Selfidentified
Professionally diagnosed
ADHD diagnosis

Lifetime anxiety disorder diagnosis

Lifetime mood disorder diagnosis
Hearing and DST disorders
Hearing loss
Tinnitus

33.94 (12.31)

1076 (38.5%)
1717 (61.4%)
3 (0.1%)
387 (13.8%)
225 (8.0%)

222 (7.9%)
166 (5.9%)
43 (1.5%)
65 (2.3%)

8 (0.3%)
2337 (83.3%)
46 (1.6%)
1588 (56.6%)

1826(65.1%)
355 (12.6%)
626 (22.3%)
658 (23.4%)
1486(52.9%)
1300 (46.3%)

252 (9.0%)
920 (32.8%)

32.88 (12.65)

695 (49.3%)
715 (50.7%)
0 (0.0%)
69 (4.9%)
135 (9.6%)

163 (11.6%)
107 (7.6%)
23 (1.6%)
30 (2.1%)

4 (0.3%)
1097 (77.8%)
7 (0.5%)
754 (53.5%)

1331 (94.4%)
79 (5.6%)

0 (0.0%)
12 (0.9%)
529 (37.5%)
438 (31.1%)

104 (7.4%)
427 (30.3%)

35.00 (11.87)

381 (27.5%)
1002 (72.3%)
3 (0.2%)
318 (22.8%)
90 (6.4%)

59 (4.2%)
59 (4.2%)
20 (1.4%)
35 (2.5%)

4 (0.3%)
1240 (88.8%)
39 (2.8%)
834 (59.7%)

495 (35.4%)
276 (19.8%)
626 (44.8%)
646 (46.2%)
957 (68.5%)
862 (61.7%)

148 (10.6%)
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 Bis(SD) for continuous variables amd(%) for categorical variables. Percentages reflect the percentage

of nonmissing values, which primarily deviate fromtatal i n t he fAHearing and DST disorders
ascertainment in all subsamples. ADHD = attenteficit/hyperactivity disorder; DST = decreased sound tolerance; IHS

LOUD = Inventory of Hyperacusis Sympton@eneral Loudness subscale; DVMSS = Duke-Vanderbilt Misophonia

Screening Scal&Symptom Subscale; DMIGS= Duke Misophonia Questionndi8/mptom Subscale; DSIRhono = Secific

Phobia Severity Scale for DSB| modified for Phonophobia; CATI = Comprehensive Autistic Traits Inventory; OASIS =

Overall Anxiety Severity and Impairment Scale; ODSIS = Overall Depression Severity and Impairment Sc#lelWES

Vanderbilt Fatiguescalé 10 item version.
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Figure4.1: Fourdimensional Structure of the MISA Derived from Bootstrap Exploratory Graph Analysis

Hyperacusis

Q1: Everyday sounds uncomfortably loud

Q6: Flooded or overwhelmed by sounds

Q9: Wore ear protection to block out everyday sounds
Q13: Shut down because too much noise

Q15: Struggled to put up with sounds couldn't control
Q18: Hard time putting up with loud sounds

Q19: Ran away from loud noises

Q22: Anxious/worried anticipating noisy situations
Q23: So overwhelmed by noise couldn't focus

Q27: Spend time preparing for noise-related activities
Q7/Q8: Avoided/left public places because of loudness

Pain

Q2: Everyday sounds cause pain

Q10: Specific frequencies were painful
Q16: Pain from sounds that weren't loud
Q20: Voice so loud needed to talk softly

Fear/Panic

Q3: Everyday sounds make afraid/anxious
Q12: Startled/scared by unexpected noises
Q25: Scared by sounds to the point of panic

Misophonia

Q4: Everyday sounds cause anger/rage

Q&: Everyday sounds cause disgust

Q11: Sounds bothered so much felt like exploding
Q14: Lost temper because of certain sounds

Q17: Sounds made want to throw/break things

Q21: Yelled/screamed at others for making sound
Q24: Thoughts of hitting/hurting others to stop sound
Q26: Can't control anger response to sounds

Structure is based orregularized partial (Gaussian rank) correlation network of Multidimensional Inventory of Sound Tolerance in Adult®\JM&TS (based on the posterior mean
of 5,000 Bayesian bootstrapped correlation matrices). Positive edges are depicted in blo@egadive edges are present. The thickness of an edge is proportional to the partial
correlation between nodes (maximum edge weight: 0.32@) squared multiple correlation for each node (laaed??) i s represent ed by thdder Iterhsu e
7 and 8 are combined into a single node due to high weighted topological overlap in a prior analysis; all other nodésirepeeBBSTA items. Communities are derived using the
Louvain community detection algorithm (A. P. Christensesi.e024) with consensus clustering (1,000 iteratidds¥criptions 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 @ble 4.2 Starting with the Hyperacusis scale, an
initial model testing DIF by clini cSoheegerydaygounfisound s
wer e uncomf or tpapklo§lUIDE=0.301 ESSE-0B67,a0ditem9fil used ear prot .
(e.g., earplugs or headphom.00LUDS0.493 E58K0.608UDIF ever yd:
on the Hyperacusis scale was also found according to misophonia status in two items (&am 9:
protection],UIDS= 0. 329, ESSD=0. 4 stuggledatonplt up with sountssthat | ftouldn't
control 0 pepr<.001,UIDS=0.338,ESS[>0.423) and autism status on two items (iterfeteryday sounds
uncomfortably loud to mepror<.001JIDS=0.285,ESSBE 0 . 3 55 ; liran away fioid or trigd to
escape loud or uncomfortable noise8pr<.001,UIDS=0.290,ESS[(-0.300), with the DIF in item 19 not
exceeding the threshold for practical significance. No practically significant DIF was fourdgderacusis
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 remal/from the scale, and the new model waftri@ the combined sample, again
demonstrating strong global fiC§(76)=320.1,p<.001, TLk>=0.993, RMSEA>=.036, Chos [.032, .040],
SRMR=0.019). DIF testing with this revised model found no practically mefuhibgf- by clinical group,
misophonia status, autism status, age group, sex, race/ethnicity, education level, ADHD diagnosis, anxiety
diagnosis, mood disorder diagnosis, or tinniflisble 4.3. The combination of items 7 and 8 (representing
avoidance of loud places) demonstrated statistically but not practically significant DIF by misophonia status
(pror<.001, UIDS=0.457, ESS[>-0.244); thus, this was deemed too trivial to warrant further model
modifications. Therefore, the Hyperacusis scale with threesitemoved was finalized as the scale used for
scoring.

The remaining three MISA scales were largely free from DIF, and for none of the tested contrasts
was the largest DIF effect size above our cutoff for practical significanceE5&[¥0.35). Notably, in one
case (the DIF model for Misophonia by race/ethnicity), the V¥dldF model failed to converge; therefore,
a slightly modified anchor selection procedure (in which items with valugsS&D<0.225 were included
as anchors) was used to generate the DIF model in this case. After this modificatigvialttl model
converged without issue, and there was no significant DIF for this contragtoel 735, allUIDS<0.087,
all ESSD<0.125). One additional item (item 20 on the PainséalBthe sound of my own voi
that | needed to talk quietly or whisper) demonstrated some smal.l DI F ac¢
(pror=.002,UIDS=0.111,ESS[:0.213), but the DIF effect size remained within the trivial range. Thus, the
Misophonia, Pain, and Fear scales were scored based on their initiplevgioup GRMs without further

modifications.
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Table4.2: Summary of Differential ltem Functioning (DIF) TestiRgsults by Scale and Contrast

MIST A Scale Cc_l"rr:)lﬁzl Hyperacusis | Misophonia | Autism G?gjp Sex Etiﬁicc(iat/y Education ADHD Anxiety Mood Tinnitus
Hyperacusis
Any DIF YES o} YES YES NO NO NO NO NO NO NO NO
Sig. DIF Items 1,9 o} 9,15 1,19 None None None None None None None None
Max ESSD | 0.618 o} 0.475 0.359 0.102 0.103 0.071 0.063 0.146 -0.168 -0.176 0.094
MaxUIDS | 0.493 o} 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 o} YES NO NO NO NO NO NO NO NO NO
Sig. DIF Items| None o} 7+8 None None None None None None None None None
Max ESSD | -0.097 o} -0.244 -0.247 0.066 0.113 -0.054 0.028 -0.147 -0.153 -0.051 0.105
MaxUIDS | 0.114 o} 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 o} NO NO NO NO NO NO NO NO NO
Sig. DIF Items| None None o} None None None None None None None None None
Max ESSD | 0.133 0.162 o} 0.115 -0.141 0.136 -0.125 -0.115 -0.163 0.060 0.077 -0.042
MaxUIDS | 0.183 0.197 o} 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
MaxUIDS | 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
MaxUIDS | 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 DIEGSD) >0. 35), it is presented in bold, along with the AYES

Misophonia DIF by misophonia status were not tested due to confounding of the latent trait with the grouping variabde=N@Tidimensional Inventory of
Sound Tolerance in Adult&SSD= Expected Standardized Score Differend)S = Unsigned Item Difference in the Sample; ADHD = attention
deficit/hyperactivity disorder.
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Table4.3: Standardized Regression Slopes of MIST-scores Predicting Intervielwased DST Diagnoses in Laboratory Sample

DST Outcome MIST -A Subscale bsw [95% Crl] Py 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 1.08 10
Misophonia Pain -0.053 F0.365, 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 Bayesiarpoothireztression (1 unit reflects eéSDincrease in the predictor [Multidimensional
Inventory of Sound Tolerance in Adults (MISN) subscale Iscores] associating with aSDincrease in the latent trait underlying the ordinal outcome [Decreased
Sound Tolerance (DST) disorder status]). All models additionally control for age, sex, sswhfallQ. Practically significant effecBRrope>3) are presented in
bold, whereas effects statistically equivalent to zBierGre<0.333) are presented in itali¢% = Probability of DirectionBFrope= Bayes factor for the region of
practical equivalence(.1, 0.1].

147



Before proceeding to scoring the scale, the reduced item pool was checked for dimensionality once
more with another bootEGA analysis. The posterior noearelation structure generated a network that fully

replicated the expected dimensio®upplemental Figure %), 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 collapseyiptrdoadis
scaleon slightly fewer than half of bootstrap replications (although the three items traveled together in all
cases). Based on this analysis, we deemed thediom@nsional MISTA structure (comprising nine
Hyperacusis items, eight Misophonia items, four P@ms, and three Fear items) adequately stable and

opted to utilize this structure in all remaining analyses.

4.3.3 Reliability Analyses

IRT-based MISTA scores were generated from their respective rguttup models using the EAP
algorithm and the general population reference group. The empirical marginal reliabilities of alAMIST
EAP scores were quite strong in the full sample, detipgtehort length of two of the subscales (Hyperacusis:
I «=.895, Cbsy [.891, .898]; Misophoniar »=.869, Cbsy [.864, .874]; Painr x=.823, Césy [.817, .830];
Fear:r »=.811, Cbsy[.805, .817]). These values were slightly improved for all but the Fear scale when zero
cases were excluded from calculations (Hyperacugis.902, Cbsy [.899, .905]; Misophoniar x=.878,
Closy [.873, .883]; Painr «=.834, Cbsy [.828, .840]; Fearr «=.803, Cbsy [.796, .810]). Conditional
reliabilities of each of the four MISA subscales as a function of latent trait scores, as well as analytical
marginal reliabilities can be found fiigure 4.2 All four scales demonstrated adequate conditional reliability
(rxx|g>.70) for individuals across a broad range of trait levels, although individuals with-betrage levels
of DST symptoms (i.e., >0.%D below average on Pain or >0(b6 SD below average on the remaining
scales) demonstrated relativelypgrecise measuremeniBestretest reliabilities of the MIS'A scores also
indicated good temporal stability of the Hyperacusis (ICC(A,1)=.86d.{.I780, .911]) and Misophonia
(ICC(A,1)=.843, Cidso [.771, .894]) subscales, along with moderate temporal stability of the Pain
(ICC(A,1)=.687, Cis%[.553, .785]) and Fear (ICC(A,1)=.716,44[.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, DISSBased hyperacusis status was significantly predicted by MIST
Hyperacusis Tscores lfsi=0.878, Crsy, [0.416, 1.396]P¢>.999,BFrope=212) and MISTA Pain T-scores
(bstg=0.409, Crése [0.093, 0.735],P4=.994, BFrope=6.45), with neither MISTA Misophonia nor Fear -T

scores predicting diagnostic status to a practically meaningful eBEgtH<0.473). Conversely,
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Table4.4. Diagnostic Efficiency Statistics for MISA 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 .872 .885 .882 .959 799
.918 [.864, .957] .918 [.903, .932] .874 [.808, .927] .885 [.867, .904] .885 [.811, .945] 959 [.942, .972] .802 [.715, .873]

Se .889 .837 .846 .850 .933 .957 .852
.904 [.831 .970] .861 [.833, .886] .872 [.786, .946] .870 [.844, .894] .955 [.840, 1.00] .961 [.930, .988] .878 [.780, .963]

S 757 .849 711 747 .750 .832 .739
P .759 [.658, .855] .849 [.830, .867] .713 [.603, .806] 747 [.724, .769] .752 [.664, .829] .832 [.814, .849] .740 [.642, .824]

PPV .702 .598 .600 .501 .359 312 .500
.728 [.651, .813] .639 [.612, .667] .641 [.560, .722] 541 [.519, .563] 377 [.304, .461] 321 [.299, .344] .541 [.460, .633]

NPV .914 951 .900 .944 .987 .996 .942
.917 [.849, .972] .951 [.940, .961] .903 [.836, .964] .944[.932, .955] .991 [.963, 1.00] .996 [.993, .999] .945 [.895, .986]

LR+ 3.66 5.53 2.92 3.36 3.73 5.71 3.26
3.75[2.35, 5.63] 5.68 [5.01, 6.43] 3.03 [2.05, 4.31] 3.44 [3.12, 3.77] 3.80[2.62, 5.37] 5.73 [5.11, 6.36] 3.36 [2.28, 4.82]

LRI 0.147 0.192 0.217 0.200 0.09 0.051 0.201

0.126 [0.040, 0.227] 0.164[0.135,0.198] 0.181[0.073, 0.307] 0.174[0.141, 0.209] 0.06 [0.00, 0.214]  0.047 [0.016, 0.085] 0.167 [0.047, 0.300]

All values are presented as the observed value, along wiBatresian 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 differenceimfioosterior). Cutoffare based on the

point on the receiver operating characteristic (ROC) curve for the LAB sample with both sensitivity (Se) and specificily {8t minimized the negative

diagnostic likelihood ration (LR. These cutoffs were used in both samplesatoulate diagnostic efficiency statistics. Note that no operationalized diagnosis of
phonophobia was available in the online sample; therefore, screening performance was only calculated for the Feartheldsa8lesample. AUC = Area Under

the ROC Cuwe; PPV = Positive Predictive Value; NPV = Negative Predictive Value; LR+ = Positive Diagnostic Likelihood Ratio.
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Figure4.2: Conditional Reliability and Analytical Marginal Reliability of MISA Subscales

A B
1.004 [Marginal py =0.76| 1.004 [Marginal pe = 0.728]
0-% fra=07} - - - - - - - (062)------- 397} - - - - 075 rg=07} - - - - - - - {49} - - == - - - 441 - - -
= 0,501 % 0.50-
0.25 0.25
0.001_; ; ! ! i 0.001; ! . : :
-6 -3 0 3 6 -6 -3 0 3 6
Hyperacusis Latent Trait Score (0) Misophonia Latent Trait Score (0)
C D
1.004 [Marginal py = 0.61] 1.00{ [Marginal p, =0.708]

-6 -3 0 3 6 -6 -3 0 3 6
Pain Latent Trait Score (0) Fear Latent Trait Score (0)

Conditional reliability as a function of latent trait scogg for the(A) Hyperacusis(B) Misophonia,(C) Pain, andD) Fear subscales of the MISA.

Analytical marginal reliability (area under the curve betwgeri-6, 6]) is also presented, although this notably differs from empirical marginal
reliability reported in the main text (mean of estimated individenag! reliabilities for participants in current sample), given the impossibility of

observing MISTA scores at certain points along the trait distribution (e.g., no individuals truly have estsuoated ofg<-2 for any subscale).
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misophonia status was strongly predicted by MISMisophonia Fscores Ws«=0.963, Crisy [0.586,
1.356],P4>.999,BFrope=1.1G 10% but not by any of the other three MISTsubscalesBFrope<1.24). The
DISSS diagnosis of pain hyperacusis, unlike the broader hyperacusis diagnosis was predicted solely by the
MIST-A Pain T-scores [fs=1.089, Crse, [0.607, 1.610]Ps>.999, BFrope=5665), with none of the other
three MISTA T-scores demonstrating practically significant effe@®&rope<2.12). Lastly, the DISSS
diagnosis of phonophobia was uniquely predicted by the MiSear T-score bsi=0.614, Crése, [0.245,
0.992],P4=.999,BFrore=57.8), with no practically significant effects of any of the three remaining MiST
T-scores BFrope<1.71).

A summary of ROC analyses and diagnostic efficiency statistics can be foliathlan 4.4 The
MIST-A Hyperacusis Iscore demonstrated strong discrimination ability within the LAB sample
(AUC=.915, posterioMdn=.918, Crbss[.864, .957]). An optimal cutoff of >60.77-3core points produced
a sensitivity of .889 (posteridldrn=.904, Crsy, [.831 .970]) and specificity of .757 (posteriddn=.759,

Crlgsy [.658 .855]) in the LAB sample. Application of this cutoff score in the online (CLIN+PROA) sample
yieldeds | i ghtly | ower sensitivity but highelabledlpeci fi ci
The Misophonia Iscore discriminated nearly as well as the Hyperacusisofe (AUC=.872, posterior
Mdn=.874, Crse [.808, .927]). An optimal cutoff of >56.52-3core points on the Misophonia subscale
produced a sensitivity of .846 (posterMdn=.872, Crbsy [.786, .946]) and a specificity of .711 (posterior
Mdn=.713, Crbse [.603, .806]) in the LAB sample, with marginally higher values of both sensitwity
specificity reported when this cutoff value was applied in the online saglde(4.4. The Pain ¥score
demonstrated strong discrimination of individuals with and without pain hyperacusis in the LAB sample
(AUC=.882, posterioMdn=.885, Crbss[.811, .945]). An optimal cutoff of >62.58-3core points produced

a sensitivity of .933 (posteridldn=.955, Crbss [.840, 1.00]) and sensitivity of .750 (posterMdn=.752,
Crlose[.664, .829]). When applied in the online sample, the sensitivity of thidf aaore increased slightly,

and the specificity was substantially increas€dbfe 4. Lastly, the MISTA Fear Tscore demonstrated
numerically lower discriminative ability than the other three scalesi(98.9% posterior probability of a
lower population AUCs; AUC=.79Mdn=.802, Crbss [.715, .873]), although an optimal cutoff of >56.50
T-score points still produced a sensitivity of .852 (postévldn=.878, Crbsy [.780, .963]) and specificity

of .739 (posterioMdn=.740, Crbs [.642, .824]) in the BB 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 MISTA s u b s ¢ aofder Gosrelaioas with other measures can be found in

Table 4.5 and partial correlations between these scales can be fo&imglire 4.2andSupplemental Table

4.11 All of the zereorder correlations between the MI&Tsubscales were large (Meen 720, Miri
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Table4.5: Correlations of MISTA Subscales with Other Decreased Sound Tolerance Measures and Related Constructs

MLSJQA M,\L?ST(SA MF',SAKA “ﬁgé’* Lg*SD FF;{aE"(‘g DMQ-SS  DSM-Phono CATI-SEN  OASIS ODSIS VFS-A-10
MIST -A HYP 3 [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 5] [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-APAIN  0.763 0.598 3 [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]
NEE/IE{A 0.816 0.687 0.68 3 [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 8 [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 ) [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 o [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 3 [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 4 [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 5] [0.706, 0.748] [0.496, 0.567]
ODSsIS 0.282 0.268 0.203 0.309 0.369 0.298 0.389 0.412 0.090 0.727 ) [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 o

Correlations are the posterior means of 5,000 Bayesian bootstraps (below diagonal) and the 95%ehgjtestedible interval (above diagonal) based on Bayesian
bootstrapping procedure. Pearson correlations were used in all cases except for they lof/Elyfmeracusis Symptorm&eneral Loudness subscale (HHOUD) and
Pain Frequency item (Pain FREQ), which were treated as ordinal and therefore examined using polyserial correlations{ndrtmenedation to other continuous
variables) and polychoricorrelations (when examined in relation to each other). Correlations with point estimaté®aire presented in bold. MIST=

Multidimensional Inventory of Sound Tolerance in Adults; HYP = Hyperacusis subscale; MISO = misophonia subscale; PA{peingaiperacusis) subscale;
FEAR = fear (phonophobia) subscale; DMES = Duke Misophonia Quisnnaird Symptom subscale; DS¥hono = Specific Phobia Severity Scale for BSM

modified for Phonophobia; CATI = Comprehensive Autistic Traits Inventory; €2EN = CATI Sensory Subscale; OASIS = Overall Anxiety Severity and

Impairment Scale; ODSIS = Overall Depression Severity and Impairment ScalXtBS: Vanderbilt Fatigue Scale for Adulig-item version.
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Figure4.3: Partial Correlation Network of MISA Subscales and Related Constructs
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Distress-based DST

HYP: MIST-A Hyperacusis T-score
MISO: MIST-A Misophonia T-score
FEAR: MIST-A Fear T-score

DMQ: Misophonia symptom severity
PHONO: Phonophobia symptom severity

Pain-based DST

PAIN: MIST-A Pain T-score

IHS: Hyperacusis symptom severity
FREQ: Sound-induced pain frequency

Non-DST Symptoms

SEN: Non-auditory sensory hyper-responsivity
OASIS: General anxiety symptom severity
ODSIS: Depression symptom severity

VFS: Listening fatigue symptom severity

Structure is based on a threshblsed partial (Pearson/Polychoric) correlation network of decreased sound tolerance summary quatas/arabrrelates (based on the posterior
mean of 5,000 Bayesian bootstrapped partial correlation matrices). Positive edges are depicted in blue, and negat\depdded ar red. Only edges with a posterior probability of
>.95 of having correlatiomagnitude greater thaf0[05, 0.05] in the direction of the point estimate are displayed. The thickness of an edge is proportional to therpkatiahcor
between nodes (maximum edge weight: 0.528% squared multiple correlation for each nd&® ( s
using the Louvain community detection algorithm (A. P. Christensen et al., 2024) with consensus clustering (1,000.iterations)

represented by the blue fraction of
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Max=[.598, .816]), as were the correlations between DST scales in general ri@a8, Miri Max=[.499,
.826]), Notably, the vast majority of rB¥didapgearsur es d
to be measuring the same underlying constructs. One sizable exception to this was the IW[&TFacusis
subscale, which demonstrated zerder correlations af>.7 withall other DST measurewhether or not they
were derived from the MISA (as well as the VF&-10), suggesting substantial shékariance 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 scor@g7, Chsy [.706, .748], which
represented the closely related constructs of depression and anxiety), but not between either of those constructs
and any MISTA 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 netiiotké 43; Supplemental

Table 4.1} demonstrated three communities ofbasedd8Te s, whi
react i opmPHgperachsls, MMISTA Misophonia, MISTA Fear, DMQSS, and DSMPhono scores), (b)
APain/ dibacenf OIST r e-APdnjlldSh@UD, afddB ST frequenalPSTitem), a
sympt o ms-8EN,(CRAB&IT, IODSIS, and VFA-10). The MISTA Hyperacusis subscale was a highly
central nodebased hBSTdDiccammwuri ty, with si ghRedri cant ec
subscalerg=.339, Crbse [.288, .388]), the MISTA Misophonia subscalef=.292, Crésy [.224, .350]), the
VFS-A-10 score 1(;=.260, Crse [.194, .324]), and the souridduced pain frequency itemp€.150, Crse,
[.059, .248]), but notably not the IHSDUD subscale that it was expected to convergd mibls. Alternatively,
within the -sasned "DEFtresasti onso community,-Athe Mi s
demonstrated its strongest partial correlation with the other putative measure of misophonia symptoms (the
DMQ-SS; ry,=.521, Crbsy [.486, .558]; significantly larger than its second strongest connection, IST
Hy p er a ¢4, €rbsy, [.&18, .312],Pg>.999). Much like the Hyperacusis subscale, the MiSFear
subscale was not significantly connected to its primary hypothesized correlate (th@Bil scale) in the
partial correlation network and instead had its strongest connections to theAvH$peracusis and CA
SEN subscales.

Within -bheedPBBEM react i on-gein assessmant of sotigticedtpdire s i ngl e
correlated approximately the same amount with the MASHain subscaler§=.477, Crbsy [.413, .530]) and
the IHSLOUD (rp=.466, Crbs [.378, .548]), ostensibly due to all three of the measures tapping the construct
of soundinduced pain/discomfort. Although the IH®UD did not demonstrate significant edges connecting
it with any of the MISTA subscales, it did have a significant edgerecting it to noraudtory hyper
reactivity, as operationalized using the CASEN ¢,=.197,Crbsss[ . 1 49, . 27 409T. slynmptthoemsfioN o

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 MISA Pain) in addition to its pattern of largely smedimoderate

positive correlations with most other sgtam measures. Listening fatigue was connected relatively selectively

to other measures in the network, particularly M&Hyperacusis scores£.260, Crbsy, [.194, .324]),

MIST-A Pain scoresr{=.141, Crbsy [.060, .226]), CATISEN scoresr{=.154, Crbse [.064, .251]), and

OASIS scoresr(=.261, Crbsy [.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 symptondinical 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 Mi&;Ta novel fourdimensional seffeport measure
of DST symptoms that assesses the domains of Hyperacusis, Misophonia;ifsiuced) Pain, and Fear
(phonophobia). Our results indicate that the Mi#&has a robust latent structure that comports with the
theorized DST subdimensions used@ale constructiofiTyler et al., 2014)as well as strong marginal and
testretest reliability, and negligible differential item functioning across a wide range of contrasts. Importantly,
all MIST-A subscales are invariant by autism and ADHD status, stiggethat adults with and without these
neurodevelopmental conditions can be meaningfully compared on the four DST domains of interest without
substantial bias. The MISA is also the first DST measure to clearly demonstrate specificity of each of its
sutscales for the disorder of interest, as multivariate analyses indicated that only the intended subscales
significantly predicted interviesased DST diagnoses in our moderathed laboratory sample. The
sensitivity, specificity, and diagnostic likelihdoatios of all MISTA subscales were also adequate in both the
laboratory sample and a larger online sample utilizing less rigorous questicasde case definitions of
hyperacusis and misophonia. These findings support the use of the newly devel§Jed & 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 MASH the current study, it is notable that

correlatonbased assessments of the measureds construct

v al

For instance, although each MI&Usubscalemeb ur cr i t eri on f or>70) withanothey conver

measure of the same DST construct, we found a subst

measures that were not expected to exhibit correlations of this magnitude (i.e., thé& M\®Eracusis scale

and all norhyperacusis measures other than the OASIS/ODSIS). If anything, this strong correlation of the
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AHyperacusi sO0 s tAbsscuaglgee safs tttheat MIoI T measureds defini
(encompassing the broader spectrum of anxiety/overwhelm/emotional distress/avoidance and response to
sounds) likely includes a construct that extenlsypond t he bounds of just Al oudne
hyperacusis. o This was further demonstratedA in the
Hyperacusisscaleedegr egated with otbhaeasehe®dSTr sy mpHetHBP| 86t wh e s
LOUD score (a more specific set of three items tapping only loudness and pain responses) associated more
strongly with the other i ndi c dindngasgorithin gefePated evidddgep er a c u
for a clear differentiation betvem DST and noST symptom dimensions, although clear crnosthod

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 empiricaredisglt 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 MISA and othe 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 whenaaiose 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-daten latent structure of the DST symptom landscape.
The pool of items included in the MISA covered the four DST domains proposed by Tyler et al. (2014):
Loudness, Annoyance, Pain, and Fear, with additiol items seeking to capture
over |l oado a r-geisan adcauntseofl autistic individugBelek, 2019) Although the empirically
derived latent structure of the MISA was largely consistent with our expectations of tamicontent, there
were sever al surprises. First, the Hyperacusis scal
written to tap aspects of phonophobia) than original
the Hyperacusifactor, consistent with these being a part of the autistic (and likebautistic, given the lack
ofnoni nvari ance) experience of hyperacusi s. A narrowe
reactions to sounds) emerged as a separdty father 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 scuheted fear/anxiety. The Pain factor, another purported

aspect of hyperacusis, demaagtd very high structural integrity in the bootEGA analysis, and although some
overlap with certain Aloudnessodo items was seen, t hi
bootstrap iterations. Notably, items assessing misophonia were algy skgearated from items assessing
hyperacusis, with the two it e mdstrughgledttopatxphwithbdoundgsd DI F &
that | couldn't controb andfi | used ear protection (e.g., earplugs
s 0 u n)aéubsequently removed from the Hyperacusis scale. The four empirical dimensions of Hyperacusis,
Misophonia, Pain, and Fear mirrored the thedriyen DST subtypes proposed by Tyler et al. (2014), providing

some of the first empirical support for the ndecadeold taxonomy for conceptualizing disorders of sound
tolerance. Though it remains somewhat wunclear how mu
to the anticipatory anxiety, overload, general distress, and avoidance also includedripitioalhyperacusis

construct, there appears to be a strong association betweeepsetéd loudness disturbance and broader

emotional distress related to that disturbance when measured using theAMT&ifrent evidence supports

their collapsing togetr into a unified construct, at least until a more granular assessment of these

subdimensions is available.

4.4.2 Relevance of the MISTA to DST Research and Practice

Another substantial contribution of the MISTis the fact that it is only the second measure of DST
symptomgafter the DVMSQ, also developed by our group; Z. J. Williams et al., 2628 validated in the
autistic population or formally tested for invariance between autistic andutétic 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 @219 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 aupractical significance threshold in this group. As DIF by autism status has never been
formally tested in the majority of seléport DST measures used in autistic people, it is quite possible that
commonly used measures of hyperacusis or misoplsymgptoms may contain a sizable portion of items
whose parameters vary by autism status, leading to significant bias in-lgv@lipscore comparisons.
Importantly, large latent mean differences in all MiI&Himensions were observed in our autism DIF medel
(ds>1.03), clearly indicating that autisrelated 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 +aoitistic individuals on DS¥related outcomes, will be most



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 MISY will likely be as a dimensional measure of DST
symptomatol ogy that simultaneously quantifies an i
hyperacusis, and phonophobia. The measure is brief enough ibifgseuse in settings such as routine outcome
monitoring (Boswell et al., 2015jor patients with DST disorders undergoing longitudinal clinical care, and
individuatlevel assessment of reliable change in any DST domain can also be determined usirigaioamb
of the IRT-based EAP score and its standard error at two timep@ntsiwer et al., 2013; Hays et al., 2021;
MaydeuOlivares, 2021) By providing multidimensional characterization of DST symptoms, the MAST
necessarily ensures that participants are assessed along the four major dimensions of DST, allowing researchers
to test differential associations between these dimensions aethtesrof interest. Indeed, the increased use
of the MIST-A to phenotype participants with hyperacusis and/or migojahwill 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 MISTA can allow researchers to be more confident that any associations between their primary
construct of interest and putative correlates are not confounded by-tettlyd domains of DST. Future
methodological work is also necessary tsw@e that multidimensional measures of the DST phenotype
(including both the MISTA and adhoc combinations of unidimensional measures) can minimize
methodological artifacts that inflate the overlap between DST dimensions, such that the observed associatio
between hyperacusis, misophonia, and phonophobia approximate the true correlations between these
constructs.
In addition to its use as a dimensional symptom measure, the-MiS®Rlso the first DST measure
to date to have its screening properties thoroughly examined in a géwplgtyped laboratory sample of
adults with and without each of the four major DS3odders. This sample is particularly unique, as it employs
asemstructured diagnostic interview (the DI SSS), whi c
loudness hyperacusis, pain hyperacusis, misophonia, and phonofhoBiaWilliams, 2@2) in order to
provide a figold standarddo di agnosA AlthoughtheBIESShas a r ef ¢
not yet been formally validated and published (an initiative that is currently in progress), it is notable that all
DST disorders are iclical diagnoses with limited consensus regarding necessary assessment or evaluation
proceduregHenry 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 utilifeel enean loudness discomfort levédszh et al.,

2022)or patient selfeport of whether they felt they met the criteria for a given DST disorder after reading a
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definition of the conditior{fAllusoglu & Aksoy, 2023; Simner et al., 2024 otably, despite a more rigorous

case definition than these previous studies, the MASIEmonstrated stronger overall screening performance
than other multidimensional DST questionnaires such as the SSSQ or theSP&TA 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 theAMtZiles increased further.
Arguably, compared to frequentlysed criteria such as sdédfentification with a DST condition and the-adc
surveybased case criteria used in the PROA/CIinDST samples (see also Chapter 2), th& 8ti®€ning

cutoffs derivel from the present study may be useful as indi
future work. Additional replication and extension of our findings are necessary to further confirm the utility of
the presently defined screening cutoffs, geeformance of which were weiéplicated in our large online
sample. Although further research is needed to evaluate the screening performance of tieiltaie
seeking populations, preliminary results from our limited laboratory sample indicathahaeasure 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 Mi&Tas a screeninguestionnairén research
androutineclinical practice, we have constructed a fremailable score calculator that allows users of the
scale to easily calculate normed EAP scores asdores for all MISTA subscales, as well as personalized
(scorespecific) diagnostic efficiency statistics (available online at

https://asdmeasures.shinyapps.io/MISTA_sgoré/e 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 MI@hd 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 secondata 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 goaMifficisit to quantify the degree to
which studyspecific factors could have influenced individual response patterns on theAMESTformal 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 MISY subscales demonstrated appreciable DIF by clinical status (which
largely split participants between the PROA sample and remaining studies), suggesting that espesifidy
factors unique to the PROA study werd favge enough to meaningfully influence MI&VTitem responses.
Another limitation concerns the versions of the Mi&Eompleted by participants, as a number of individuals
(primarily in the AUT sample) completed an earlier version of the measure thaté»eld t hr ee of t he

items. Although fulinformation maximum likelihood fitting of IRT models and EAP scoring both allow for
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principled handling of missing da{Mislevy, 2016; Xiao & Bulut, 202Q)the systematic omission of three

items by approximately half of the autistic participants likely reduced our power to detectgaiéisyd 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, respedtivety demonstrate significant

DIF by autism status. Other measures, such as hyperacusis status, were variably defined across the studies,
limiting the number of nomissing datapoints in certain studies and causing a somewhat large portion of
certain sanples to be removed from the D&dlated 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 hgedded substantially different results.

Another limitation of the MISTA i t s el f is the fact t hat the mea
contained four and three items, respectively, contributing somewhat more limited test information (and
therefore lower reliability across the full latent traistdbution) compared to the longer Hyperacusis and
Misophonia subscales. Although the conditional reliability distributions of these subscales were surprisingly
similar in their firegions of adequat e ongrhineafori I i ty, o
both the Fear and Pain scales and particularly in the negative portion of the latent trait distribution. In future
iterations of the MISTA, it may therefore be fruitful to improve the degree to which these subscales in
particular can provie coverage of the full trait distribution by including more items tapping each construct,
particularly those with a low fAdifficultyo (i.e., hi

The current study also leaves many psychometric properties of the MiB&xplored. As a measure
that could be used in the future as a patrepbrted outcome in clinical settings, evidence of sensitivity to
change with interventio@Stratford & Riddle, 2006a nd benchmar ks for the fimini ma
di f f e(Argstetal.p201Mave yet to be determined. Longitudinal invariance, particularly over the course
of treatmen{e.g., Stochl et al., 2028 also important to establish if scaless as the MISTA 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,
weremajority White, highly educated females, and reported high levels of psychopathology. Although none of
these factors were associated with DIF in Mi&Tesponses, there remains the possibility that some heavily
undersampled demographic groups (e.g., wdlials 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 IlB&sed scores on certain subscales. Moredhersystematic
exclusion of certain segments of the population (e.g., autistic andutistic 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 MISA 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 MISA 26item
multidimensional selfeport measure of DST symptomatology that can be used to quantify individual
differences in symptom severity or screen for the four major DSTd#is® of hyperacusis, misophonia, pain
hyperacusis, and phonophobia. The Mi&Exhibited a replicable forimensional factor structure that was
largely in line with theoretical expectatiofise., aligning with the foudimensional framework proposed by
Tyler et al., 2014)and IRFbased (EAP) Tscores 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 akiiity 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 coegamlisg the degree
to which the hyperacusis and phonophobia constructs are appropriately delineated, these do not appear to be
unique to the MISTA and may be broader issues that need to be addressed within the field of DST research.
To increase accesdo IRT-based scores, we have made available a free online calculator

(https://asdmeasures.shinyapps.io/MISTA_sqomdvere 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 MISA demonstrates some of the strongest psychoor@tperties 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 MAS@s well as further development of this and

other DST symmm measures as the knowledge base on these disorders continues to grow.
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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 genergdopulation sample of adults in the United States {403) 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 ®ralific participants aged 18 years or
older who reported (a) living in the United States, (b) speaking English fluently, (c) having anBwaifed
demographic questions about autism status and current mental health cer{ditipmormissing 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 endasing severe/profound hearing loss or the use of cochlear implants were also excluded from
the current studpost hoc Participants were recruited in two singkex batches of 750 (i.e., 750 males and 750
females, recruited concurrently) to ensure approténsex parity. The study survey was advertised as
examining Asensory s en s-fading wmatériale did rpt spetify thatulgehstudp ar t i ci
investigated decreased sound tolerance (DST), hyperacusis, or misophonia specifically. Particiypéetsto
a questionnaire battery of approximately 20 minutes in length, including demographics, medical/psychiatric
history, DST symptoms, other sensory experiences, personality traits, psychopathology, somatic symptom
burden, and overall quality of lifand 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 highuality survey responses (Chandler et al., 2020). Participants were excluded for
(a) failing one or mionrcleckitans embedded withim teedup sumvey batterydetgt, e
ATo show that you are paying attention, pl ease | ea\
Al zhei mer 6s disease or dementi a des paphicg (c)krdorgiigng t hat
one or more Ainfrequencyo items in their medical hi s
providing symptom information that was inconsistent with their lifetime medical diagnoses (e.g., endorsing
Aimi graiendesbycasssundo despite denying migraines in gel
demographics or autism diagnostic status that was inconsistent with the information providedRnolifieir
demographics form (e.g., inconsistent age or sex irdgtam), (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



(g) endorsing random or dishonest responding when qu
checko qgueDBidyowansver @ry sugvey,quesgtions in this survey randomly? Your answer will not

affect your compensation for thissurvey. . Parti ci pants were also excluded
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 coedéor 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 misophmomia (

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
Hyperacusis0o and fiMupophaaneboSkppootups&, relevant sub
those focused on related conditions such as autism or tinnitus. Advertisementsticdytiveese shared on the

first authordés twitter account and were disseminate:
guestionnaire battery of approximatelyi 86 minutes in length, including demographics, medical/psychiatric

history, DST symtoms, 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 judgdthtze contributed highuality data were given

$10.00 USD in Amazon gift codes.

In order to qualify for the clinical DST study, participants had to complete-ite@6screening
guestionnaire that included contact i nréoshowthattyouon, dem
are paying attention, please leave this question btapk, s ever al of the #Ainfrequenc:
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 reporte@tageeb 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 &lto the Likert itemfi | consider myself more sensodotbve to
answering selfeportquestions about whether or not they thought they had hyperacusis or misophonia based
on definitions of the condition) and (b) meeting at
professional diagnosis of hyperacusis/misophonia frore@ical professional, having sought medical care for

oneds DST symptAgme , StranglypAgreed i tha thBoand isengtiaity i a major
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problem in my everyday lifed6 or reporting that oneds hyperacusi s

di sabl i ngo o wmepoda scdle of DETelatetl disakilityf Regardless of clinical DST status,

participants were excluded from the study if (a) they reported a sewdoeidpd hearing loss or cochlear

i mpl ant , (b) they reported a previous diagnosis of

experi enciimduciesd umidgr ai neso0 but not experteda&piari ng mi g

tempor al |l obectomy, or (e) they failed to correctly
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 atits who completed the study were providing valid and

meaningful data rather than feigned responses. Participants were (a) screened for duplicate IP addresses and

email s, (b) given several fAinstruct ed(c)askesipprovslee 0 ques:

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-fegpredelf

faveaed response beirmgpohitghle iwohan dareeslpfonse on the s

times substantially less time than would be needed to read the items, incoherent responsestexaitdras,

or clearly duplicating the fretext 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 (72Wét¢ 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 themn(= 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 sampler(= 478) was derived from an online survey study examining attention,-hyper
focus, and related constructs in adults with and without neurodevelopmental disafiditjesutism and/or
attentiondeficit/hyperactivity disorder [ADHD]; Dwyer et al., 2028articipants for this study included adults
in four groups based on NDD status: (a) autistic adults with ADHD, (b) autistic adults without ADHD,{c) hon
autistic adults with ADHD, and (d) control adults with neither autism nor ADHD. Theteiduals were
recruited from several online participant pools including the Simons Foundation Powering Autism Research
for Knowledge (SPARK; The SPARK Consortium, 2018phort, CloudResearchformerly TurkPrime;
Litman et al., 2017), anBrolific. Autistic participants were eligible for the study if they (a) reported either a
formal diagnosis of autism or setfentified as autistic (based on records from the participant pool and

confirmed in the survey) and (b) scored above the screening clitbff d4item Ritvo Autism and Asperger
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Diagnostic ScakRevised (RAADSL 4 Eri ksson et al ., 2013) , and ADHD
study if they (a) reported either a formal diagnosis of ADHD oridelffitified as having ADHD (based on
records from the participant pool and confidre the survey) and (b) scored above the screening cutoff on the
Adult ADHD Selfreport Scale 6tem Screener (ASRS; Kessler et al., 2007). Control participants were
included if they had no firsbr seconeblegree relatives with either autism or ADHDOI 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
CloudResearcland 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, pgathology, 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 completingythe stu

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 th@ain study and pogtoc from the data. Additional data quality
measures used included fAno penalty honesty checko q
survey and primary survey (e.g., completing the ASR®ice), and survey completion tim&.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 MISTA) 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 sampler{ = 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-gihtified autisc 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) ggari®r
older and (b) a formal diagnosis of autism or-gd¢tification as being on the autisspectrum (even if not
professionally diagnosed), and respondents were not limited by country (although notably, the study was
conducted by Australian resehers and therefore was more likely to recruit Australian participants).
Participants in the study completed & 25 minute survey battery on the REDCap platform (Harris et al.,

2009), consisting of demographics and health history, DST symptoms, aut#s¢ morDST 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 MISTA to be included in the current study, and one of these individuals was additionally excluded

due to reporting a severe hearing loss. Thdmal sample of 295 individuals was included in the present study.

4.7.1.5 Laboratory Study (LAB) Sample

The LAB sample if = 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 amithwithout clinically
significant DST complaints, (including adults on the autism spectrum and adults with other
neurological/psychiatric conditions), as well as those whose DST complaints weodingdd. Study
participants completesl comprehensive battery of sedfport questionnaires, clinical interviews, psychological
tests, and audiological measures (approximatélyl hours of imperson testing andi 2 hours of online
guestionnaires) to fully characterize both their auditory psythological/psychiatric phenotypes. Inclusion
criteria for the study were (a) betweeri880 year s of age, (b) English fluenc
guardian. Individuals were excluded if they (a) had adadlle IQ < 70 or current diagnosis infellectual
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 sudiance 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 cdimgla number of the survey formsperson,

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. Margbis notable that for the four DST disorders assessed in
the current study, no consensassed diagnostic criteria (such as those described for psychiatric disorders in
the Diagnostic and Statistical Manual of Mental Disord¢B$SM-5-TR]; American Psghiatric 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, ath phonophobia similar to those used in DSMR to classify psychiatric disorders, which have

been published previously (Williams, 202@)iteria for phonophobia were modified slightly from those used
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from the DSMS5 criteria for specific phobigBandelow, 2017)with slight wording changes made to (a) ensure
that the feared fAobj ect orelated sithation and (bealjow eab moteationsusedon d o r
count towards the fAavoidanceo criterion.Am&gardammeri a f o
Criteria (Jager et al., 2020and were further updated to ensure that the DISSS definition of misophonia
conformed to the recently published consensus definition of misoplfemja renoving the Amsterdam
Criteriabs insistence that oral/nasal sounds be amo
aggression to be reported in childhood due to their rarity in adults; Swedo et al.,£26828pnth duration of
symptoms was added to this disorderds criteria for g
clinical diagnostic criteria exist for hyperacusis, we generated novel criteria for this disorder that required one
of the wo cardinal symptoms of (a) excessieeidness 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 rsepfak criteria
chosen for parity with other DST conditions and consistency with the definitions and clinical impact of
hyperacusis in the literatu(Backrell et al., 2022; Ke et al., 2028 is standard for diagnoses of this type, all
DISSS diagnosesoatained 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]. Notabithe choice to conflate both loudness and pain hyperacusis
into a single category was done because this catego
Al oudnessodo hyper aicrubsucedvipgai s omel sw utntdei s By eshat dappe
guite 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 havifyperacusis if they (a) reported a prior diagnosis of hyperacusis from a health professional
or (b) met the questionnait®sed case criteria fa@ither loudness or pain hyperacusis in the two samples.
These case criteria were based on a combinationvehtary of Hyperacusis Symptoms (IHS; Greenberg &
Carlos, 2018) items and dmbc items measuring the frequency and impact of (a) finding environmental sounds
excessively or uncomfortably loud and (b) experiencing ear pain as a result of environmentabseurlde
past month. To meet case criteria for hyperacusis in these studies, participants had to indicate a score of 4
(verymuchsd ) eitherl HS i tCemparéd tq nfost people, common everyday sounds seem excessively
loudtomed ) oSound cagalise me pain and/or physical discomfodt) and experience eith
pain symptoms a7 days ferwveekuemcyhigthed (i .e., more days

corresponding impact score of 50 or higher ofi H00 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 usimpcthe ad
Apain frequency/i mpacto items (i .e., r eetpted impaat g pai n
score of 50 or higher). In the NDD&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 efagmdd 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 sstnictured clinical interview that fully operationalizes our
g r o u pghastic driteda for all DST conditions (see associated section of supplemental methods for more
details). Individuals meeting criteria for clinicakygnificant loudness hyperacusis or clinicadignificant
pain hyperacusis on the DISSS were classdietiaving hyperacusis, whereas just individuals with clinically
significant pain hyperacusis were classified as having pain hyperacusis.

In the PROA and CIlinDST 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 DukeVanderbilt Misophonia Screening Questhaire (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) selfentified as having misophonia, endorsed their symptoms ag beirent, and
reporting that oneds misophoni a wraportsaade ofimesaphanria i mi | d 1 vy
related disability used in the ClinDST screening questionnaire. In the AUT sample, misophonia status was
gueried using previous diagses 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 Acl i ni gandingyo classifications of enesaphioniamn tkeo p hon i «
current study.

Notably, our operational phonophobia criteria (Williams, 2022) include the criterion that an
i ndi vidual 6s duteofgpropodion todhe actua daygerlcaused by the specific sound or situation
(including the potential to provoke other symptoms such as hyperacusi®paif).h u s , despite the
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 lackyofaabilit
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 theAB 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 diagnosiontheodiSS8)cl i ni cally signif

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 stumbhorts, and selflentified 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 autismrelated contrasts due to the ambiguity surrounding their désgr). Additionally, one formally
diagnosed individual in the NDD group (recruited frémolificr at her t han SPARK) who did
case criteria in that study (i.e., scored below the screening cutoff on the RAADE&s assigned to the ron

autism group based on this information. In the LAB sample, autism diagnostic status was determinea based

a formal psychological evaluation by a licensed clinical psychologist specializing in neurodevelopmental
disability assessment, including researeliable administration of the Autism Diagnostic Observation
ScheduléSecond Edition, Module Four (ADGS Lord et al., 2012) and when necessary, additional measures
such as the Autism Clinical Interview for Adulig/igham et al., 2020) or aldoc developmental interviews

with participants or their parents to assess the EBBSNR criteria for autism. All participants in the LAB study

who were recruited with a formal diagnosis of autism or strongly suspected thatah &g mutistic underwent

a full autism evaluatioby 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 usidg TFSM

criteria (supported, but not dictated by standardized measuiesasihe ADOS).

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, CIinDST, NDD, and AUT) using prior lifetie 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 stByvyer et al., 2024)but this change allowdeus 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), -ataghired psychodiagnostic
interview that assessesvade 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-training with substantial clinal 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, CIinDST, and AUT) using
the foll owDayguhgve alearingdasds fiAnswers: Yes [/ No), which w
additional questions asking participants whether their hearing loss was unilateral or bilateral and what level of

hearing | oss they hadMLD/SUGHD IMPAIRMENTp laamtable to leecarpandn d e d
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understand speech spoken in a normal voice from a distance of about 3 feet (conversational distance). | have
trouble hearing and understanding soft (whispered) speech or speech from a farther distance, especially if
there is background noisep r MODERATE IMPAIRMENT: | am able to hear and understand speech spoken

in a louder voice at a distance of about 3 feet (conversational distance). | have trouble hearing and
understanding speech spoken at a normal level even at close distances, espéaedlysbackground noise,

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,

af firmati ve an sAmeyoudeafoohard bf bearmgPewd s oms did t o operational

but notably, onl y iHadyow hedringadeen conrécied te modnalr esge oy héaring

aids® were included in the s ampwasdefinedandiomdirieallylagady mira mp | e,

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 H\gbstiekke procedure (American
SpeecH_anguageHearing 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 QuestionnaireS@S@enitsaridi et al.,
2019), with responses indicating any tinnitus tagtimore 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 episode#usf wiene
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 simphdeeifified as having it), and whether
it was current; anyndividual with selfidentified 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% prevajeand 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 astemiured modular clinical
interview for DST disorders modeled after the DART psychiatric interview (Schneider et al., 2022). The
measure has a section on DfTevant medical histy, general DST screening questions, diserpErcific
screening questions, disoregeneral questions (regarding the sounds that bother an individual, sound qualities
that an individual finds most bothersome, specific activities that sound impedes,géstthlaimpairment
rating), four disordespecific modules (for loudness hyperacusis, pain hyperacusis, misophonia, and

phonophobia), and two nefiagnostic modules to capture extra BSE |l evant symptoms (on
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symptomflarups 6 and fAmiscell aneous auditory symptoms, 0 r ¢
of this measure is currently in progress. The DI SSS «
according to sets of operational critetiat our research group has previously published (Williams, 2022). Full

di agnostic algorithms, which utilize specific items

isubclinical, o or fAno di s or(skeSupplenemal Eables AP f t he four

4.7.4 Questionnaire Measures
4.7.4.1 Inventory of Hyperacusis Symptoms

In addition to the usef the IHS to determine hyperacusis caseness, the Inventory of Hyperacusis
Symptom$General Loudness subscale (HSUD; Aazh et al., 2021; Greenberg & Carlos, 2018) was used
as a measure of dimensional hyperacusis symptomatology in the present studistaddito the PROA,
ClinDST, and LAB samplesi(= 2034). This thre@em subscale was derived from the longer IHS (Greenberg
& Carlos, 2018), a 2Eem selfreport questionnaire that assesses five dimensions of hyperacusis
symptomatology and functionahpact [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 tHSLOUD items). Items are
ratedonafoupoi nt Li ker notaalta) et v@ryduoi(sd) .( iThe | HS and its su
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 sedported 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). Notablgo 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.OUD in the autistic population (Chapter 3). TIHS-LOUD in particular is a
threeitem scale (rangei32) with items specifically measuring the loudness and pain aspects of hyperacusis
rather than emational arousal or functional impacts, and this subscale may potentially be more specific to the
hyperacsis 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 # thiSL OUD score was good (U = .891)
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Supplemental Tablé.6: Operational Diagnostic Criteria and Intervidased Algorithm for Loudness
Hyperacusis

Criterion

DISSS Item(s)

A. Multiple commonplace sounds of low or moderate

intensity are perceived as excessively and

uncomfortably loud.

1 These experiences should occur at a frequency
at least once per week, regardless of how much
effort the individual is putting into avoiding
sounds.

E1. (List of sounds thatatient finds
uncomfortably loud)

D3. (Frequency of being bothered by
environmental sounds)

. Soundevoked loudness sensations are present acr(
multiple settings and do not occur solely during
episodes of headache stress/anxiety, bodily pain, s
deprivation, or acute illness (even if exacerbated by
those states)

E2. (Loudness disturbance present to some de
most of the time, regardless of exacerbating
factors)

. 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, swauaral earphones,
and/or active noise cancellation techrgylpto cope
with these situations.

E3. (List of places/activities that are so loud as
prompt avoidance or ear protection)

. The duration of the disturbance in loudness percept
is 6 months or greater

E4. (Duration, onset, and triggering events)

. Soundevoked loudness sensations and the associa
behavioral strategies used to avitlidse sensations
cause clinically significant distress or impairment in
social, occupational, or other important areas of
functioning

E5. (Clinically significant distress or impairmen

The sounekvoked sensations of loudness are not bg
explained by loudness recruitment, superior
semicircul ar canal dehi
primary headache disorder (e.g., chronic migraine),
the physiologic effects of a substance (e.g.cgklies,
sedativehypnotic withdrawal)

A. (Background and medichlstory
questions)
E2. (Loudness disturbance present to some dg
most of the time, regardless of exacerbating
factors)

T Al gorithm for
simultaneously.
T Al gorithm for

without all criteria A F being satisfied.

Aclinically AlcriggmiAfFiae mett |

oud

isubcl i nGrieralA, Bl Dy and hagesn®t simyltaneausdy|

Operational hyperacusis criteria slightly modified from Williams (2022) to reflect current practice in the

|l aboratory study and the

ways in which the

DISSS = Diagnostic Interview for Soundri&divity Syndromes.
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Supplemental Tablé.7: Operational Diagnostic Criteria amterview-based Algorithm for Pain
Hyperacusis

Criterion

DISSS Item(s)

A. Multiple commonplace sounds substantially below t
typical threshold for aural pain reliably cause physiq
pain in one or both ears or the head.

1 If meeting the threshold falinically 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 sowduced
pain)

B. Soundevoked pain is present more days than not

F2. (Soundinduced pain frequency)

C. The individual actively avoids situations or activities
that include painful sounds, endures these situation
with extreme discomfort, or requires ear protection
(i.e., insert earplugsupraaural earphones, and/or
active noise cancellation technology) to cope with
these situations.

F3. (List of places/activities where sounds are
painful as to prompt avoidance or ear protectia

D. The duration of the sourdduced pain is 6 months o
greater

F4. (Duration, onset, and triggering events)

E. Soundevoked pain sensations and the associated
behavioral strategies used to avoid these sensation
cause clinically significant distress or impairment in
social, occupational, or other important areas of
functioning

F5. (Clinically significant distress or impairmen

F. The sounekvoked sensations of pain are not better
explained by loudness recruitment, superior
semicircular canal dehi
primary headache disorder (e.¢chronic migraine), or
the physiologic effects of a substance (e.qg., salicyla
sedativehypnotic withdrawal)

G. A. (Background and medical history
guestions)

=1

T Al gorithm for

T Al gorithm for fAsubcl CriteriacAall, ang Raremetrsiynpltanecaisty umsthoy

all criteria Al F being satisfied.

clinical |l Allcrigerisghi R afeimetaimultanpoasiy.n

Note.Operational pain hyperacusis criteria slightly modified from Williams (2022) to reflect current
practice in the | aboratory study and the ways
clinical interview. DISSS = Diagnostic Interview for SmlSensitivity Syndromes.

18¢
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Table4.8: Operational Diagnostic Criteria and Intervidased Algorithm for Misophonia

Criterion DISSS Item(s)

A. Presence of one or mor e

sounds that reliably elicit intense and inappropriate

emotional responses, irrespective of sound intensity

perceived loudness.

1 These reactions should occur at a frequency of
least once per week, regardless of how much ef
the individual is putting into avoiding sounds.

G1. (List of misophonia triggers)
G1la. (List of visual triggers)

G1.2. (Frequency of misophonic reactions)

. Trigger sounds reliably evoke feelings of extreme

irritation, anger, rage, and/or disgust that are clearly

excessiveunreasonable, or out of proportion to the
circumstances (whether or not the individual
recognizes them as such)

1 These emotional reactions may be dependent 0
the context in which the trigger is encountered
(e.g., not being triggered by sgfoduced sounds
but the reaction should be easily reproducible
within a specific context.

G1.1. (Emotional reactions to trigger sounds)

G2. (Contextual factors of misophonic reaction

. The individual actively avoids situations or activities
that include trigger sounds, endures these situation
with extreme discomfort, or requires ear protection
(i.e., insert earplugs, supeaural earphones, and/or
active noise cancellation technology)ctape with
these situations.

G3. (List of places/activities where sounds swe
painful as to prompt avoidance or ear protectia

. If unable to avoid trigger sounds or stop them from
occurring, the individual experiences a significant Io
of seltcontrol, potentially resulting in emotional
outbursts or extreme reactions (e.g., yelling/scream
running out of the room, panic attacksying, rarely
physical aggression).

G4. (Loss of control and extreme reactions)

. The duration of misophonia is 6 months or greater

G5. (Duration)

Misophonic reactions and the associated behaviora
strategies used to avoid these reactions cause clini
significant distress or impairment in social,

occupational, or other important areas of functioning

G6. (Clinically significant distress or impairmer

T Al gorithm

T Al gorithm for
criteria Al F being satisfied.

foirgmicf i oa r @Al tritesacApFace met aimultaneously.

fi s u bQriteria A,iBcaad E arm imset simputtameniisky, avithout all

Operational misophonia criteria slightly modified from Williams (2022) to reflect current practice in the
cri

|l aboratory study and the

ways in which the

DISSS = Diagnostic Interview for Sound Sdivity Syndromes.
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Supplemental Tablé.9: Operational Diagnostic Criteria and Intervidased 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 anxietyprovoking situations)

H1.1. (Specific fears when in anxiepyovoking
situations)

. The feared sounds or situations almost always proy
immediate fear or anxiety.

H2. (Frequency of fear/anxiety reactions)

. The individual actively avoids feared
sounds/situations, endures them with extreme
discomfort, or requires ear protection (i.e., insert
earplugssupraaural earphones, and/or active noise
cancellation technology) to cope with them.

H3. (Coping strategies [avoidance, suffering
through, ear protection, needing safe people])

. The fear is out of proportion to the actual danger pg
by the specific sound or situation (including the
potential to provoke other symptoms such as
hyperacusis pain) and to the sociocultural context.
91 Fear or anxiety should also be sufficiently more

than what is expected
developmental level

H4. (Perceived irrationality of fear relative to
situation)

H1.1. (Specific fears when in anxiepyovoking
situations)

. The fear, anxiety, or avoidance is persistent, typical
lasting for 6 months or more

H5. (Duration)

. The fear, anxiety, or avoidance cautinically
significant distress or impairment in social,
occupational, or other important areas of functioning

H6. (Clinically significant distress or impairmer

. The reported fear, anxiety, and avoidance is not bef
explained by symptoms of another mental disorder
sound tolerance disorder.

H1.1. (Specific fears when in anxiepyovoking
situations)

DISSS Sections E/F/G (Hyperacusis/Misophor

A. (Medical History Questions)

T Al gorithm

T Al gorithm for
without all criteria A G being satisfied.

for dAcl i ni c alAllcyieria Aig are et sinaultabheoysiin o n

i s u b Ctitéria A, B, ®) E, gndh @ aneametrsimbltanaaiisly,

Operational phonophobia criteria slightly modified from Williams (2022) to reflect current practice in the
t he

|l aboratory study and

ways in which the

DISSS = Diagnostic Interview for Soundr&dtivity Syndromes.
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4.7.4.2 Duke Misophonia Questionnaire

The Duke Misophonia Questionndi@ymptom subscaldDMQ-SS; Rosenthal et al., 2021),
administered to the PROA, ClinDST, and LAB samples @034), is an a seteport questionnaire that was
used to measure of dimensional misophonia symptomatology in the present study. THeIIM&subset of
23 items from the 88em 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 th&HME
part of an abbreviated DMQ form that included the DI88, a 16tem trigger list, one item describing the
frequency of being triggered, and 8100 visualanalog scale indicating the impact of being triggered on an

individual s | ife over t he p58gems areorated bn a(fipllintl Likarta ms e t

0y

scal e rangnewr) fthahvay ¢ ialomo s tT hael vDaMQB a Imde prieviossly s u b s ¢ a |
demonstrated strong reliability and adequate convergent/divergent validity in a modemdlygeneral

population sample (Rosenthal et al., 2021). Additionally, our previous study of the DVMSQ in the PROA
sample and an independent sangflautistic adults (which included the DM&E 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 DVMS®was excellet (U = . 963) .

4.7.4.3 Specific Phobia Severity Measure for DSMbi Modified for Phonophobia
The DSM5 Severity Measure for Specific Phobia (DSBWR; Lebeau et al., 2012) is a-it®m scale
published by the American Psychiatric Association alongside 39N to dimensionally assess symptoms
of specific phobias in adults. Initially, participants asked to choose which of five common phobias (e.g.,
flAnimals or insects ; Blodd, needles, orinjectioas) i s most anxi ety provoking fol
rate the ten scale items with regard to the topic chosen (witha@glerecall period). &ms are rated on a 5
point Likert scale wi Ndveor @ opliedhtisedirde & aanrgd ntgh  rmema 0 ssc di
0i 4) is calculated as a dimensional index of phobia severity. The reliability and validity of theSPSis
been established in both clinical and rainical adult sample¢DeSousa et al., 2017; Knappe et al., 2013,
2014; Lebeau et al., 2012; MacLeod et al., 2022; Méller & Bbgels, 20hé)current study used a modification
of this measure by our research group (i.e., théBF$5HONO), in which the DSMSP directions were
specifically tailored to assess assgissnophobiaather than other specific phobias (Williams, 2021; Williams
et al., 2022). This version of the measure, administered in the PROA, ClinDST, and LAB samp2&8?),
omitted the choice of phobic topics from the DS and instead administered the items with the following
i nst r uThe following quesfions ask about thoughts, feelings, and behaviors that you may have had in a

variety of situations. Over tHeAST SEVEN DAYS, how often have you experienced the following regarding

18¢



situations when you are exposed to loud or unpleasant sodindsPh e wor di nSP quesftions he DSM
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 adaliso(see
DISSPAPERZ2). In the combined sample, the reliability of the EFBMONO (with directions modified as

detailed above) was excellent (U = .939).

4.7.4.4 Comprehensive Autistic Trait Inventory

The Comprehensive Autistic Trait Inventory (CATI; English et al., 2021), -#te#2 selfreport
measure of autistic traits, was administered to the PROA, AUT, andsaftples as a dimensional measure
of autistic traits in the current study. The CATI is a nedéyweloped measure of sefported autistic traits
that, unlike most previous measures, incorporated substantial input from autistic individuals into its content.
CATI items are rated on afiyg o i nt Li k er tDefwmiela disagred §y o m Definfiely fagieé )
[including a portion of reverskeyed items], and items are grouped into six sétem subscales of (a) Social
Interactions(b) Communication(c) Sensory Sensitivit(d) Repetitive Behaviog Cogni ti ve Ri gi di
(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 authogs vatbnthe 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 totalscore (range: 4210) was used as a measure of overall autistic traits (reported descriptively),
and the score from the CATI sensory subscale (E3HN; modified to exclude the single item tapping DST
[range 6 30]) was used as a measure of taoitory sa@sory hyperreactivity. Reliabilities of both the CATI

total score (-BEN (9668).868)CWwe&te strong in the combi

4.7.4.5 Overall Anxiety Severity and Impairment Scale

The Overall Anxiety Severity and Impairment Scale (OASIS; Norman et al., 2006) isigefiveelf
report measure of anxiety severity and impairment, w
a forced choice between mufientence answethat describe each level of severity in detail). Each item has
fiveparagraph ong responses that are scoreBregamnid9pofoal&d
is scored A0, 0 all other it e msThimmeasurawas administered asead and
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.



I n the combined sample, the OASIS demonstrated excel

4.7.4.6 Overall Depression Severity and Impairment Scale

Overall Depression Severity and Impairment Scale (ODSIS; Bentley et al., 2014) istarfiveelf
report measure of depression severity and impairment, modeled on the OASIS. Similar to the OASIS, each
itemisratedonafip oi nt fiexpandeadim sidal & os diodroe d rFedquanbylofy , @ f t
deprepsionégcored A0, 0 all other items are not answe
administered as a dimensional assessment of depression symptom severity to the PRGA, GIDD, and
LAB samples i = 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 demonsteatedc e |l | ent rel iability (U =

4.7.4.7 Vanderbilt Fatigue Scale for Adultsi 10 item version

Adults with hearing loss often report feeling fatigued after being in situations that require prolonged
listening, an experience referred to as listenrzlgted fatigue (Davis et al., 2021). However, this construct has
not, to our knowledge been studiedrélation to DST, despite the fact that excessive sound exposure is likely
to result in a similar experience to listenireated fatigue in individuals with DST disorders. Additionally,
there may be construct overlap between DST and listarilated fague, making measures of DST and
listeningrelated 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 ligelabeg fatigue ithe
current study, we utilized the Vanderbilt Fatigue Scale for Adu@istem version (VF&\-10; Hornsby et al.,
2023), which was administered to individuals in the PROA, ClinDST, and LAB sampe2032). The VFS
A-10 is a shortened version of the len/anderbilt Fatigue Scale for Adults (Vi#S Hornsby et al., 2021),
a 40item scale specifically designed to measure listenétated fatigue across individuals with and without
hearing loss. The VF& contains items that measure different qualitatispeats of listeningelated 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-1F% a
shortened version of the VS that contains the highestformation items from the longer scale. It has been
validated separately from the lofgrm VFSA 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 autistidualdi. In the combined

sample,the VF&-10 t ot al score demonstrated excellent reliab
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Supplemental Tablé.10: Demographic and Clinical Characteristics by Sample

PROA ClinDST NDD AUT LAB
(n=1403) (n=516) (n=478) (n=295) (n=115)
34.58 35.92 37.87 33.00
Age (Years) 82.27 (12.55) (14 gg) (12.45) (11.40) (10.06)

Sex

Male
Female
Intersex

Gender minority

Hispanic/Latino ethnicity
Race

Asian
Black

Middle Eastern/North African
Native/Indigenous
Pacific islander

White
Other race

College graduate
Autism status

Non-autistic
Selfidentified

Professionally diagnosed
ADHD diagnosis
Lifetime anxiety disorder diagnosis
Lifetime mood disorder diagnosis
Hearing and DST disorders

Hearing loss
Tinnitus
Hyperacusis

Pain hyperacusis

Misophonia

686 (48.9%)
717 (51.1%)
0 (0.0%)
57 (4.1%)
138 (9.8%)

154 (11.0%)
104 (7.4%)
20 (1.4%)
26 (1.9%)

3 (0.2%)
1106 (78.8%)
8 (0.6%)
707 (50.4%)

1291 (92.0%)
80 (5.7%)
32 (2.28%)

159 (11.3%)

587 (41.8%)

475 (33.9%)

114 (8.13%)
471 (33.6%)
83 (5.92%)
11 (0.784%)
105 (7.48%)

96 (18.6%)
417(80.8%)
3 (0.6%)
154 (29.8%)
35 (6.8%)

19 (3.7%)
18 (3.5%)
5 (1.0%)
10 (1.9%)
2 (0.4%)
459 (89.0%)
17 (3.3%)
329 (63.8%)

244 (47.3%)
129 (25.0%)
143 (27.7%)
141 (27.3%)
337(65.3%)
309 (59.9%)

80 (15.5%)
297 (57.8%)
323 (62.6%)
130 (25.2%)
336 (65.1%)

209 (43.7%)

269 (56.3%) 228 (80.3%)

0 (0.0%)
93 (19.5%)
30 (6.3%)

26 (5.4%)
35 (7.3%)
12 (2.5%)
16 (3.3%)
3 (0.6%)
410 (85.8%)
6 (1.3%)
252 (52.7%)

213 (44.6%)
49 (10.3%)

216 (45.2%)
204 (42.7%)
306 (64.0%)
291 (60.9%)

9 (1.88%)
64 (13.4%)
9 (100.0%)
3
115(24.1%)

56 (19.7%)

0 (0.0%)
77 (26.6%)
12 (4.1%)

11 (3.7%)
3 (1.0%)
4 (1.4%)
9 (3.1%)

0 (0.0%)
264 (89.5%)
14 (4.7%)
214 (72.5%)

0 (0.0%)
95 (32.2%)
200 (67.8%)
111 (37.6%)
184 (62.4%)
155 (52.5%)

26 (8.81%)

57 (19.3%)

13 (100.0%)
3

16 (100.0%)

29 (25.2%)
86 (74.8%)
0 (0.0%)
6 (5.2%)
10 (8.7%)

12 (10.4%)
6 (5.2%)
2 (1.7%)
4 (3.5%)
0 (0.0%)

98 (85.2%)
1 (0.9%)

86 (74.8%)

78 (67.8%)
2 (1.74%)
35 (30.4%)
43 (37.4%)
72 (62.6%)
70 (60.9%)

23 (20.0%)
31 (27.0%)
45 (39.1%)
15 (13.0%)
39 (33.9%)

Values are presented iis(SD) for continuous variables amd%o) for categorical variables. Percentages

reflect the percentage of nonissing values, which primarily deviate from tatal
DST disorderso

r ows

due to

| ack

of

in the
ascertali

recruited fronProlific 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 contlés); AUT = Autistic adult sample;

LAB =
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Supplemental Figuré.4: Item Stability Plot of MISTA ltems
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Circles represent nodes (items) on the original Mi§ Eolor-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 iterdéolin the same theoretical dimension). Stability
values below approximately 0.65 are considered lower than ideal.
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Supplemental Figuré.5: Final Psychometric Network Structure of the Retained MAStems

Hyperacusis

Q6: Flooded or overwhelmed by sounds

Q13: Shut down because too much noise

Q17*: Hard time putting up with loud sounds

Q18*: Ran away from loud noises

Q21*: Anxious/worried anticipating noisy situations
Q22*: So overwhelmed by noise couldn't focus

Q26*: Spend time preparing for noise-related activities
Q7/Q8: Avoided/left public places because of loudness

Pain

Q2: Everyday sounds cause pain

Q10: Specific frequencies were painful
Q15*: Pain from sounds that weren't loud
Q19*: Voice so loud needed to talk softly

Fear/Panic

Q3: Everyday sounds make afraid/anxious

© Q12: Startled/scared by unexpected noises
Q24*: Scared by sounds to the point of panic

Misophonia

Q4: Everyday sounds cause anger/rage

Q5: Everyday sounds cause disgust

Q11: Sounds bothered so much felt like exploding
Q14: Lost temper because of certain sounds

Q16*: Sounds made want to throw/break things
Q20*: Yelled/screamed at others for making sound
Q23*: Thoughts of hitting/hurting others to stop sound
Q25": Can't control anger response to sounds

Structure is based on a regularized partial (Gaussian rank) correlation network of Multidimensional Inventory of Soura Troledults(MIST-A) items (based on

the posterior mean of 5,000 Bayesian bootstrapped correlation matrices). Positive edges are depicted in blue, andetdgesgatveresent. The thickness of an

edge is proportional to the partial correlation between nodesrfmaxedge weight: 0.331Jhe squared multiple correlation for each node (aaked=?) is
represented by the blue fraction of that nodeds b opotbgical overlap iearpsior dnalysmid 8 ar e
other nodes represent single MI&Titems. Communities are derived using the Louvain community detection alg@@timistensen et al., 2024jith consensus

clustering (1,000 iterations).

* 1tem number reduced by one due to removal of item 15 (item now corresp
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Supplemental Tablé.11: Partial Correlations of MISTA Subscales with Measures of Interest

MLSJ,;A M,\LI?ST(;A MIEAIT,\]A MlzlgéA L'gSD FFF’fEig DMQ-SS  DSM-Phono CATI-SEN  OASIS ODSIS  VFS-A-10
MIST -A HYP 5 [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-AMISO  0.292 5 [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-APAIN  -0.003 0.00 5 [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-AFEAR  0.339 0.103 0.159 5 [-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 0.1 0.007 -0.084 5 [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 10,089 0.466 5 [-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 10,039 5 [0.250, 0.380] [0.064, 0.237] [0.112, 0.270] [-0.065, 0.072] [-0.142, 0.014]
DSM-Phono  0.246 10.096 0.175 0.106 0.144 0.114 0.316 5 [: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 0173 0.157 0.1 5 [-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 5 [0.446, 0.556] [0.188,0.331]
oDSIS 0,044 0.040 0,019 0.009 0.039 10,008 0.006 10.007 -0.004 0.504 5 [-0.021, 0.131]
VFS-A-10 0.260 10,009 0.141 -0.054 0.066 10.066 10.065 0.088 0.154 0.261 0.056 5

Partial orrelations are the posterior means of 5,000 Bayesian bootstraps (below diagonal) and the 95%ehigihestedible interval (above diagonal) based on
Bayesian bootstrapping procedure. Pearson correlations were used in all cases except fdt@é¢i$8ale and Pain Frequency item, which were treated as ordinal
and therefore examined using polyserial correlations (when examined in relation to other continuous variables) and palselhticos (when examined in relation

to each other)Correlationghat had &srope0f 95% or greater (based on a region of practical equivalence [ROPE]} .05, .05]) are presented in boMIST-A =

Multidimensional Inventory of Sound Tolerance in Adults; HYP = Hyperacusis subscale; MV8&bphonia subscale; PAINRain (pain hyperacusis) subscale;
FEAR =Fear (phonophobia) subscale; HH®UD = Inventory of Hyperacusis Symptoiiseneral Loudness subscale; DM&ES = Duke Misophonia Questionnaire
Symptom subscale; DS#@hono = Specific Phobia Severity Scale for DSMndlified for PhonophobiaCATI = Comprehensive Autistic Traits Inventory; CATI
SEN = CATI Sensory Subscale; OASIS = Overall Anxiety Severity and Impairment Scale; ODSIS = Overall Depression Sevapgirameht Scale; VF8.-10 =
Vanderbilt Fatigue Scale for AdLits0-item versiam.

192



4.8 Supplemental References

Aazh, H., Danesh, A. A., & Moore, B. C. J. (2021). Internal Consistency and Convergent Validity of
the Inventory of Hyperacusis Symptorgar and Hearing42(4), 917 926.
https://doi.org/10.1097/AUD.0000000000000982

American Psychiatric Association. (202Bjagnostic and statistical manual of mental disorders
(5th ed., text rev.). American Psychiatric Association Publishing.
https://doi.org/10.1176/appi.books.9780890425787

American SpeechanguageHearing Association. (2005guidelines for manual purone
threshold audiometr{Guidelines GL200%0014). www.asha.org/policy.
https://doi.org/10.1044/policy.GL20630014

Bandelow, B. (2017). Comparison of the D8»and ICD 10: Panic and other anxiety disorders.
CNS Spectrumg2(5), 404 406. https://doi.org/10.1017/S1092852917000116

Bentley, K. H., Gallagher, M. W., Carl, J. R., & Barlow, D. H. (2014). Development and validation
of the Overall Depression Severity and Impairment S€agchological AssessmeB6(3), 815
830. https://doi.org/10.1037/a0036216

Chandler, J., Sisso, I., & Shapiro, D. (2020). Participant carelessness and fraud: Consequences for
clinical research and potential solutiodsurnal of Abnormal Psycholog¥291), 49 55.
https://doi.org/10.1037/abn0000479

Christensen, A. P., Garrido, L. E., GueRafa, K., & Golino, H. (2024). Comparing community
detection algorithms in psychometric networks: A Monte Carlo simula@iehavior Research
Methods56(3), 1485 1505. https://doi.org/10.3758/s134083-021064

Davis, H., Schlundt, D., Bonnet, K., Camarata, S., Bess, F. H., & Hornsby, B. (2021). Understanding
ListeningRelated Fatigue: Perspectives of Adults with Hearing Uogstnational Journal of
Audiology 60(6), 458 468. https://doi.org/10.1080/14992027.2020.1834631

DeSousa, D. A., Moreno, A. L., Osorio, F. L., Crippa, J. A. S., LeBeau, R., Manfro, G. G., Salum, G.

A., & Koller, S. H. (2017). Psychometric proper:
a Brazilian community sampléternational Journal of Methods in Psychiatric Resea2f{3),

€1531. https://doi.org/10.1002/mpr.1531

Dwyer, P., Williams, Z. J., Lawson, W. B., & Rivera, S. M. (2024). A tdiagnostic investigation
of attention, hypefocus, and monotropism in autism, attention dysregulation hyperactivity
development, and the general populatidaurodiversity 2, Article 27546330241237883.
https://doi.org/10.1177/27546330241237883

English, M. C. W., Gignac, G. E., Visser, T. A. W., Whitehouse, A. J. O., Enns, J. T., & Maybery,
M. T. (2021). The Comprehensive Autistic Trait Inventory (CATI): Development and validation of a
new measure of autistic traits in the general populatitmhecular Autism12(1), Article 37.
https://doi.org/10.1186/s1322®1-004457

Eriksson, J. M., Andersen, L. M., & Bejerot, S. (2013). RAADSScreen: Validity of a screening

tool for autism spectrum disorder in an adult psychiatric populafofecular Autism4(1), 49.
https://doi.org/10.1186/20493924-49

193



Fackrell, K., Sereda, M., Smith, S., Sheldrake, J., & Hoare, D. J. (2022). What should be considered
when assessing hyperacusis? A qualitative analysis of problems reported by hyperacusis patients.
Brain Sciencesl2(12), Article 12. https://doi.org/10.3390/brainscil2121615

Genitsaridi, E., Partyka, M., Gallus, S., Logezcamez, J. A., Schecklmann, M., Mielczarek, M.,

Trpchevska, N., Santacruz, J. L., Schoisswohl, S., Riha, C., Lourenco, M., Biswas, R., Liyanage, N.,
Cederroth, C. R., Perg2arpena, P., Devos, J., Fuller, T. Edv al | , N. K., Hel | ber c
A. (2019). Standardised profiling for tinnitus research: The European School for Interdisciplinary

Tinnitus Research Screening Questionnaire (EBDQ)). Hearing ResearcB877, 353 359.
https://doi.org/10.1016/jdares.2019.02.017

Greenberg, B. S., & Carlos, M. (2018). Psychometric properties and factor structure of a new scale to
measure hyperacusis: Introducing the Inventory of Hyperacusis Sym@amend Hearing39(5),
1025 1034. https://doi.org/10.1097/AUD.0000000000000583

Harris, P. A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., & Conde, J. G. (2009). Research
electronic data capture (REDCaphA metadatadriven methodology and workflow process for
providing translational research informatics supptwtirnal of Biomedical Informati¢cg2(2), 371
381. https://doi.org/10.1016/j.jbi.2008.08.010

Heckathorn, D. D. (2011). Snowball versus ResponBeiven SamplingSociological
Methodology41(1), 355 366. https://doi.org/10.1111/].14®531.2011.01244.x

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 Managendenerican Journal of
Audiology 31(3), 513 527. https://doi.org/10.1044/2022_ARR-00035

Hornsby, B. W. Y., Camarata, S., Cho;JS.Davis, H., McGarrigle, R., & Bess, F. H. (2021).
Development and validation of the Vanderbilt Fatigue Scale for Adults{A)F8sychological
AssessmenB3(8), 771 788. https://doi.org/10.1037/pas0001021

Hornsby, B. W. Y., Camarata, S., Cho;,JS.Davis, H., McGarrigle, R., & Bess, F. H. (2023).
Development and Validation of a Brief Version of the Vanderbilt Fatigue Scale for Adults: The
VFS-A-10. Ear and Hearing44(5), 1251 1261. https://doi.org/10.1097/AUD.0000000000001369

Jager, I., de Koning, P., Bost, T., Denys, D., & Vulink, N. (2020). Misophonia: Phenomenology,
comorbidity and demographics in a large sampleDS Onel5(4), Article e0231390.
https://doi.org/10.1371/journal.pone.0231390

Ke, J., Du, Y., Tyler, R. S., Perreau, A., & Mancini, P. C. (2020). Complaints of people with
hyperacusisJournal of the American Academy of Audiologi(8), 553 558.
https://doi.org/10.1055/6040:1709447

Kessler, R. C., Adler, L. A., Gruber, M. J., Sarawate, C. A., Spencer, T., & Van Brunt, D. L. (2007).
Validity of the World Health Organization Adult ADHD SdReport Scale (ASRS) Screener in a
representative sample of health plan membetsrnational Journal of Methods in Psychiatric
Researchl6(2), 53 65. https://doi.org/10.1002/mpr.208

Knappe, S., Klotsche, J., Heyde, F., Hiob, S., Siegert, J., Hoyer, J., Strobel, A., LeBeau, R. T.,
Craske, M. G., Wittchen, HJ., & BeesdeBaum, K. (2014). Testetest reliability and sensitivity to

194



change of the dimensional anxiety scales for PRMINS Spectrumd(3), 256 267.
https://doi.org/10.1017/S1092852913000710

Knappe, S., Klotsche, J., Strobel, A., LeBeau, R. T., Craske, M. G., Wittch&h, &.Beesde
Baum, K. (2013). Dimensional anxiety scales for DSMsensitivity to clinical severityfguropean
Psychiatry 28(7), 448 456. https://doi.org/10.1016/j.eurpsy.2013.02.001

Kordbagheri, M., Kordbagheri, A., Tayim, N., & Davoudi, M. (2024). Evaluation of the
psychometric indicators of the Comprehensive Autistic Trait Inventory in Iranian aiisits
Journal of Psychiatry91, Article 103885. https://doi.org/10.1016/j.ajp.2023.103885

Lebeau, R. T., Glenn, D. E., Hanover, L. N., BeeBdom, K., Wittchen, HU., & Craske, M. G.
(2012). A dimensional approach to measuring anxiety for ElSMternational Journal of Methods
in Psychiatric Researgl21(4), 258 272. https://doi.org/10.1002/mpr.1369

Litman, L., Robinson, J., & Abberbock, T. (2017). TurkPrime.com: A versatile crowdsourcing data
acquisition platform for the behavioral sciend@shavior Research Methadt(2), 433 442.
https://doi.org/10.3758/s1342BL.6-07272

Lord, C., Rutter, M., DiLavore, P. C., Risi, S., Gotham, K. O., & Bishop, S. (261&m
Diagnostic Observation Schedule, Second Edition (AR2D®/estern Psychological Services.

MacLeod, S., Schneider, L. H., & McCabe, R. E. (2022). Investigating the Psychometric Properties
of the Severity Measure for Specific Phoklaurnal of Psychopathology and Behavioral
Assessmei4(3), 826 835. https://doi.org/10.1007/s108622-099766

Meng, F., & Xuan, B. (2023). Psychometric properties of the Chinese version of the Comprehensive
Autistic Trait InventoryPsychology Research and Behavior Managenmién®2213 2223.
https://doi.org/10.2147/PRBM.S411599

Ml ler, E. L., & B°gels, S. M. (2016). The DSM !
clinical sample: Psychometric properties including the adult separation anxiety disorder scale.

International Journal of Methods in Psychiatric Reseag${3), 233 239.

https://doi.org/10.1002/mpr.1515

Norman, S. B., Hami Cissell, S., Mea@#hristensen, A. J., & Stein, M. B. (2006). Development and
validation of an Overall Anxiety Severity And Impairment Scale (OASI®&pression and Anxiety
23(4), 245 249. https://doi.org/10.1002/da.20182

Palan, S., & Schitter, C. (2018). Prolificca@ subject pool for online experimentiournal of
Behavioral and Experimental Financkr, 22 27. https://doi.org/10.1016/j.jbef.2017.12.004

Rosenthal, M. Z., Anand, D., CassieRwmbbins, C., Williams, Z. J., Guetta, R. E., Trumbull, J., &
Kelley, L. D. (2021). Development and initial validation of the Duke Misophonia Questionnaire.
Frontiers in Psychologyl2, Article 4197. https://doi.org/10.3389/fpsyg.2021.709928

Schneider, L. H., Pawluk, E. J., Milosevic, |., Shnaider, P., Rowa, K., Antony, M. M., Musielak, N.,
& McCabe, R. E. (2022). The Diagnostic Assessment Research Tool in action: A preliminary
evaluation of a semistructured diagnostic interview for DSMsaders.Psychological Assessment
34(1), 21 29. https://doi.org/10.1037/pas0001059

195



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). @gensus definition of misophonia: A delphi
study.Frontiers in Neurosciengd 6, Article 841816. https://doi.org/10.3389/fnins.2022.841816

The SPARK Consortium. (2018). SPARK: A US cohort of 50,000 families to accelerate autism
researchNeuron 97(3), 488 493. https://doi.org/10.1016/j.neuron.2018.01.015

Wigham, S., Ingham, B., Le Couteur, A., Berney, T., Ensum, I., & Parr, J. R. (2020). Development
and Initial Utility of the Autism Clinical Interview for Adults: A New Adult Autism Diagnostic
MeasureAutism in Adulthood?(1), 424 47. https://doi.org/10.1089/aut.2019.0052

Williams, Z. J. (2021)DSM-5 Phonophobia Severity Scale (Modified DSMpecific Phobia
Severity ScaldQuestionnaire]. Vanderbilt University Medical Center.
https://doi.org/10.13140/RG.2.2.22381.10720

Williams, Z. J. (2022, May 3). Decreased sound tolerance in autism: Understanding and
distinguishing between hyperacusis, misophonia, and phonopEdbla& Audiology News31(2).
https://www.entandaudiologynews.com/features/audicfegyures/post/decreasedundtolerance
in-autismunderstandingaind-distinguishingbetweerhyperacusisnisophoniaand phonophobia

Williams, Z. J., Cascio, C. J., & Woynaroski, T. G. (2022). Psychometric validation of a brief self
report measure of misophonia symptoms and functional impairment: Thevdn#erbilt

misophonia screening questionnakfeontiers in Psychologyl3, Article 897901.
https://doi.org/10.3389/fpsyg.2022.897901

Williams, Z. J., Suzman, E., & Woynaroski, T. G. (2021). A Phenotypic Comparison of Loudness
and Pain Hyperacusis: Symptoms, Comorbidity, and Associated Features in a Multinational Patient
Registry.American Journal of AudiologB0(2), 341 358. https://doi.org/10.1044/2021 AD®-

00209

196



5 CHAPTERS

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 dis@ihgipesacusis, misophonia,
phonophobia; Henry et al., 2022; Williams, He, et al., 20B¥En less is known about the mechanistiss
of DST in specific populations su@sindividuals on the autism spectruWilliams, He, et al., 2021who
present with disproportionately high rates of DST across the lifedgdimms, Suzman, et gl2021b) It is
generally accepted that hyperacusis and misophonia are central rather than peripheral ¢fsyalegs
Prabhu, 2023b; Neacsiu et al., 2022; Palumbo et al., 2018; Pienkowski et al, a@bdigh pain hyperacusis
may involve peripheral mechanisms as wWElbres et al., 2015; Liu et al., 2015; Wood et al., 20Bbwever,
the exact structural and functional changes in the central nervous system that underpin DST (presumably
spanning both auditory and namditory structures) remain to lhaly elucidated. Therefore, a key aim of
current DST research is the characterization of the specific augiéocgptual, physiological, and neural
correlates of DST symptoms and disordéss reviews, see Aryal & Prabhu, 2023b; Bigras et al., 2023; Jahn,
2022; Neacsiu et al., 2022; Palumbo et al., 2018; Salvi et al., ,20@jding 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 watbsearched DST condition, is primarily considered to be a disorder of
loudness perceptiaidalvi et al., 2022; Tyler et al., 2014nd prominent theorists have defined hyperacusis in
such a way that negative reactions to sound are a result of the stimulus charadiezistiexjuency, level;
Jastreboff & Jastreboff, 2014) Despi t e | i exeessivé hearingthe amainnyg ifindi vi dual
hyperacusis demonstrate hearing losses, and a sizable portion have normal hedtririty semsn tested with
clinical audiograms (Aazh et al., 2018; Anari et al., 1999; Blasing 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 heahnirggholds within normal limitAmir et al., 2018)Hearing loss also

seems somewhat less common in pediatric hyperacusis as opposed to adult hygPrgieter et al., 2020)
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though it remains unknown whether individuals with childhoodet hyperacusis are likely to develop
comparable hearing losses to adhiset 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)n which the sound level at a given frequency is gradually increased until the patient
indicates that it is uncomfortable. Largeale studies clearly demonstrate that LDLs in hyperacusis are reduced
relative to individuals without hyperacugsazh & Moore, 2017a; Anari et all999; 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, 139&yvever, 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 condi®heldrake et al., 2015%everal studies have demonstrated that as
a group, autistic individuals have lower LDLs mthaonautistic individuals an@r 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 autistilmdividuals with and without hyperacusis (defined using a measure other than LDLS).

As hyperacusis is hypothesized to be a primary disturbance of loudness pro¢pssagably
underpinned by increased central auditory gain; Auerbach et al.,,28dddher 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 hose that have uniformly found that this function is steeper in the hyperacusis groupecbtapar
participants without the condition (Assi et al., 2018; Brandy & Lynn, 1995; Erinc & Derinsu, 2022; Norefia &
CheryCroze, 2007). Several studies have also demonstrated steeper loudness growth in autistic as opposed to
nonautistic individualgDunlop et al., 2016; Khalfa et al., 2004; Ohmura et al., 20i8)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 rastaysis suggests this may largely be the case only in
hearingimpaired listeners (Olsen, 1999). Experimental studies have also demonstrated that auditory
deprivation, as caused by monaural earplug use, both increases categorical loudness judgmentéases de
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 weaieoustic reflexes and thus higher thresh@iadero 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 thresh@isxena et al., 202@nd others finding no significant associat{Bnandy

& Lynn, 1995) Moreover, findings in autism are also mixed, with one study finding a negative association

bet ween MEMR thresholds and a Ahyperacusis indexo ba
adults(Ohmura et al., 2019nd another finding no difference in sensory questi@e scores between autistic

children with and without abnormal MEMR teg@Gundogdu et al., 20237s such, the relation between the

MEMR and hyperacusis in both autistic and +autistic individuals remains uncertain at this time.

Otoacoustic emissions (OAESs) are another marker of peripheral auditory physiology that can be used
to assess the integrity of cochlear outer hair ¢gksnp, 2002; LonsburMartin & Martin, 2003) This can be
done in a frequenegpecific manner using distortiggroduct OAEs (DPOAES) or across a wide frequency
range by measuring transiesoked OAEs (TEOAES) following a broadband click. As OAEs are particularly
sensitive to outer hair cell damafyem noise or other sources, they could feasibly be usedreen for the
presence of cochlear pathology even in the presence of a normal audiBgraee et al., 2018Additionally,
it has been theorized that efferent suppression of OAEs in the presence of (typically contralateral) noise, known
as the medial olivocochlear refléOCR; Guinan, 2006)may contribute tohyperacusis, given its potential
role in cochlear gain control and other mechanisms of he@migm & 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 M@B&lin et al., 1994; Marshall et al., 201#4otably, data
on OAEs and the MOCR in hyperacusis is somewhat mixate populatiorbased pediatric study found that
individuals with hyperacusis actually had higher TEOAE amplitudes than individuals without hyjseracus
(Hall et al., 2016)and DPOAE amplitudes have also been found to be increased in individuals with tinnitus
and hyperacusis relative to tinnitus algB8etuka et al., 2010However, 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., 202@) a reduction in OAE&Jrnau & Tochetto, 2012)Additionally, studies
of OAEs in autistic individuals (generally not divided according tpemgicusis status) are also mixed, with
several finding no significant differencé&slan et al., 2022; Gravel et al., 2006; Grewe et al., 1994; Kaf &
Danesh, 2013; Tharpe et al., 200&veral 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; Yiksel et al., 2023), and others reportiagrlargOAE ampl i t udes ( Tak
Yuksel et al., 2023). Notably, trene 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., 2023Past studies have also examined the MOCR in individuals with
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hyperacusis, with two (one in autistic children and one in-agistic adults) finding hyperacusis to be
associated with stronger MOCR respor&asidson et al., 2014; Wilson et al., 201Mptably, this association

was not replicated in a later study of autistic adults by Ohmura(@04P) who used a dimensional loudness

growth measure to assess hyperacusis. Other studies in the autistic population have demonstrated variable and
often null MOCR result§Aslan et al., 2022; Bennetto et al., 2017; DéngKaf, 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 autistiomautistic 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 wsludied than hyperacusis with regard to its perceptual and
physiologic correlates. Hearing thresholds in individuals with misophonia are typically found to be within
normal limits orsimilar to comparisorgroups(Aazh et al., 2022; Aryal & Prabhu, 2023a; Jager et al., 2020;
Schrdder et al., 2013, 2014; Siepsiak et al., 202&jitionally, two studies have examined LDLs in individuals
with misophonia, with one finding no association between misophonia and LDLs conperdigiduals with
unspecified DST that did not meet full misophonia crit¢Beepsiak et al., 2022and the other finding an
association between misophonia status and lower LDLs in a population of individuals already seeking help for
either tinnitus or hyperacugi8azh et al., 2022)Several studies have also utilized misophapecific sound
rating tasks to further characterize the subjective experiences of individuals with misophoniat@nd/or
discriminate them from nemisophonic control§Andermar et al., 2023; Enzler, Loriot, et al., 2021; Savard
et al., 2022; Siepsiak et al., 2028)otably, a version of one of these tasks, utilizing different sound stimuli,
has also been proposed as a diagnostic tool for hypergEungier, Fournier, et al., 202I)ests of peripheral
auditory physiology have rarely been conducted in misophonia, although one recelisatagiet al., 2024)
found no significant differences in either DPOAE or TEOAE amplitudes or contralateral suppression of either
OAE type between individuals with misophonia and norrhedaring control participantand another brief
report has specifically found no differences between groups with and without misophonia in TEOAE
suppressior(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 peripheratdnea@chanisms 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 consdbestlyperacusis
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, ad some studies suggest this overlap is quite i@Bgennan et al., 2023; Dixon et al.,
2024, see also Chapter. B) cases where comorbidity is possible and/or gib&ential 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 nantistic individuals to have different underlying mechanisms for their
DST disordergWilliams, He, et al., 2021we believe that it is important that studies of the correlates of DST
include both autistic and neautistic participants to allow for the ability to test aut,sDST 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 (hyeracusis, misophonia, phonophobia) in a transdiagnostic sample of autistic andistin
adults, and (b) determining whether these correlates meaningfully differ between autistic andigtan
individuals. By doing so, our study aims to lay a fourafor further mechanistic work in the area of DST,

additionally serving to link the oftesiloed subfield of hyperacusis, misophonia, and autism research.

5.2 Methods
5.2.1 Participants
Participants were 119 autistio535) and norautistic f=84) adults spanning the full range of DST
symptom severity. Inclusion criteria for the present study included: (a) age betvwidghygars; (b) fluency
in speaking and reading English; ( ecspalebQgreategthan®e 6s own
per the Wechsler Abbreviated Scales of Intelligérf®econd Edition (WASII; Wechsler, 2011); and (e)
having pure tone audiometric thresholds O 25 dB heece
bilaterally, as assessed using standard amdection testing (modified Hughseitestlake procedure;
American SpeechanguageHearing 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 meietrihdor 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 otihe Alcohol Use Disorder Identification Test (AUDIT; Saunders et al., 1993) or Drug
Abuse Screening TéstO (DAST-10; Cocco & Carey, 1998), or met criteria for one of these diagnoses as
assessed using the DART; (c) reported an intellectual disabilitpakégyor did not meet the study 1Q criteria

on the WASHII; 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 2BD00 Hz in the affectbear).All participants were free of epilepsy or seizure
disorders, with the exception of one female autistic individual (with fréoke epilepsy who was stable on a
regimen of clonazepam 0.5 mg thrice daily without breakthrough seizures); out airadaabe of caution,

this individual was excluded from all electrophysiological data analyses. Psychotropic and ceatizly
medications were allowed for all participants, provided that these medications and dosages remained stable for
at least 30 daygrior to study visits.

Autistic individuals in the study were recruited from the Simons Foundation Powering Autism
Research for Knowledg&PARK; The SPARK Consortium, 2018phort (SPARK Research Match project
RMO0239WoynaroskiSound), 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 Stud Fi nder , Autism Science Foundation HAParticipate

autism group, participants were required to either have a clinical diagnosis of autism spectrum disorder (or
equivalent diagnosis, including autistic disorder,dspger 6 s di sor der , perimoasi ve
otherwise specialized) by an outside providerto reportstrong suspicion of the diagnodigcluding
possibility of the diagnosis raised by outside clinicians) that was supported by the judgtherftref author

as warranting a full evaluation for autism. All individuals meeting these criteria were provided with a
confirmatory diagnostic evaluation for autism, including resesstible administration of the Autism
Diagnostic Observation Schedufecond Edition, Module 4 (ADQZ; Lord et al., 2012) by a clinical
psychologist specializing in the assessment of neurodevelopmental disabilities across the lifespa@. ADOS
examinations administered in prior research studies from our or other reseanud grVanderbilt University
Medical Center were not repeated. Fiiste diagnostic evaluations and cases in which the clinical diagnosis
was uncertain after the ADGSwas administered were further supplemented with a developmental history
(with the paticipant and/or an informant) and, if deemed clinically necessary, administration of the Autism
Clinical Interview for Adults (ACIA; Wigham et al., 2020). All individuals classified as autistic in the current
study were found to meet fubdiagnostic and ftistical Manual of Mental DisordefEifth 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 jubigemeet autism diagnostic criteria by the study tes8;(

both females with clinically significant obsessis@mpulsive spectrum disorders) were not excluded from the

study sample butrati ned and cataaugdrsitazed dsorfinndire purposes of
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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 principleslméd 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, assesswgpgelf
demographics, medical/psychiatric history, DST symptoms, personality, psychopathology, physical symptoms,
sensory reactivity, and dimensional featureseafrodevelopmental conditions. Participants then compléted 2
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 evaludtioacessary); (b) audiologic
testing (pure tone audiogram, loudness discomfort levels [LDLSs]); (c) assays of peripheral physiology
(tympanometry, middikear muscle reflex [MEMR] testing, otoacoustic emissions with and without
contralateral suppression)) f@sychophysical testing [a naturalistic sound rating task (NSRT; Enzler, Fournier,
etal., 2021; Enzler, Loriot, et al., 2021) and a categorical loudness scaling task (CLS; Wrdblewski et al., 2017)];
and (e) electrophysiologic testing (auditory brainstesponses, 4Biz auditory steadgtate 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 approxitig2ehours to
complete the online surveys an@i12 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 -person clinical evaluation consisting of broadband cognitive and
language testing, psychiatric interview, brief medical and psychiatric history, intepeie®d evaluation of

DST disorders, and when necessary, a formalndistic evaluation for autism (the latter previously described

in the HAParticipantso section). This portion of t he
i nvestigators and trainees, incl udi tegelspdedtanduagest aut h
pat hol ogi sts, and the teambés <clinical psychol ogi st,

conducted all ADOS examinations to ensure research reliability. The Wechsler Abbreviated Scale of
Intelligencell (WASI-Il; Wec hs | er , 2011) was wused to assess parti
verbal 1Q (VIQ) and performance IQ (PIQ) standard scdvesl00,SD=15) from the WASIII were utilized

in our analyses. We also administered the Receptivewong Picture Veabulary Tesd (ROWPVT4;

Martin & Brownell, 2011b) and Expressive On®rd Picture Vocabulary Tedt (EOWPVT4; Martin &

Brownell, 2011a), and standard scores on these measures were used to characterize individual differences in
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receptive and expressive vocabulary, respectivelyo€uirring psychopathology was assessed using the
Diagnostic Assessment Research Tool, version 4.0 (DART; Schneider et al., 2022)stawsenmed modular

clinical interview covering a wide range of DIS5-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) additi@stiogs to screen
individuals into DART modules such as the borderline personality disorder module for which DART Screener
guestions were not provided; and (c) screening items for vocal and motor tics, which were not part of the
DART. If an individual didscreen 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.fifst 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 DARDBased 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 fosedtion 5.2.3.Below.

Aside from simply being reported descriptively to characterize the sample, we derived several indices
from these clinical measures to include as covariate
was formed from the WASII VIQ, ROWPVT-4, ard EOWPV T4 standard scores using principal component
analysis(KaiserMeyer-Olkin measure of sampling adequacy [MSA] for the three measures=0.63gitem
MSA=0.58 0.74) with component scores on the first (unrotated) principal component being used to
operationalize this variable within the sample. The WASRIQ standard score was also utilized in regression
analyses as a measure of nonverbal cognitive ability (Bayesian bootstrapped Pearson correlation with Language
Compositer=.306, Crbsy [.145, .457]). We also calculated the number of psychiatric/neurodevelopmental
diagnosedor which each individual met criteria based on the full clinical evaluation (including all BART
based diagnoses, chronic tic disorders, and autiStdng3, IQR=[1,4], range 010]). All other norDST

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 astaimtured modular
clinical interview for DST disorders (i.e., hyperacusis, misophonia, and phonophobia) modeled after the DART
psychiatric interview (Schneider et al., 2022). Theasure has sections on D&JTevant medical history,
general DST screening questions, disofscific screening questions, disorgeneral questions (regarding
the sounds that bother an individual, sound qualities that an individual finds most bothesgedific activities

that sound impedes, and a global impairment rating), four disepaific modules (for loudness hyperacusis,
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pain hyperacusis, misophonia, and phonophobia), and twaliagnostic modules to capture extra DST
relevant sympt oms (on -G pygperaancdu s i mi sscyenipltaonne o 1 b a raeu d
respectively). Formal psychometric validation of this measucaiirently 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 B , can be used to classify i
Asubclinical, 6 or demonstrating fino disordero in eac

hyperacusis, misophonia, phonophobia; Sepplemental Tables 4.6.9). Formal psychometrigalidation of

this measure is currently in progress.

In the present study, the DISSS was used to cl as:
or fino disordero for t hr @preséhtntitherudmegsdyperacssis orpan) hypert
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 f#fAcl i worpaimhyperaaisisasgctioasswosld ben ei t h
classified as #dAclinical hyperacusis, o an individual
sections without ever being classified as ficlinica
hyper azmudgian oindividual only receiving cilsisgectdrissor der 0

would receive a Ano disordero classification for the
DST diagnoses (e.g., hyperacusis and misophonia) were allowed in the same individual, provided that the
diagnoses were phenoméogically distinct andhatthe symptoms of one could not be fully explained by the

other (Williams, 2022). Each DISS#rived variable (hyperacusis status, misophonia status, phonophobia

status) was treated as ordinal predictor (Birkner & Charpentie2,0 20) wi th t hree |l evels

isubclinicalo < #fAclinicalo) in all regression model s

5.2.3.3 Audiologic Testing
5.2.3.3.1Pure Tone Audiometry

The Participants completed a standard pure tone audiogram (air conduction thresholds only) in a
soundattenuated booth in accordance with the procedures set out by the AmericanlSpepeyeHearing
Association (modified Hughsewestlake method; AmericaBpeecH_anguageHearing 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 (&t@sther, Inc., Eden
Prdrie, MN, USA) and ER3A insert earphones (Etymotic Research, Elk Grove Village, IL, USA). The same

audiometer fitted with HDA200 circumaural headphones (Sennheiser GmbH & Co. KG, Wedemark,
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Germany) was used to perform Extended Higljuency (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, 1988)conduction thresholds in each ear from 250 Hz to 16000

Hz (in dB HL) were used as dependent variables in our analysis.

5.2.3.3.2Loudness 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 o Audi o | o g y-éusent(UBLSadninistratioa n
guidelines(British Society of Audiology, 2011) DLs were administered at frequencies of 250 Hz, 500 Hz,
1000 Hz, 2000 Hz, 3000 Hz, 4000 Hz, 6000 Hz, and 8000 Hz, using H3AH#ert earphones for 266000
Hz presentations and HD200 circumaural headphones for 8000 Hz presentations (for consistency with
audiometry). Starting at 50 dB H(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, 204&lmanually
presented approximately-skcond unpulsed tones withdB increasing steps and approximatelgetond
periods of silence between tones until participants either (a) signaled discomfort using banaiser 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 2 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 ditien set was as follows (deviations from BSA direction set
inbold):A I wi | | gradually make the sound | ouder in your
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 fimdinimally uncomfortable. You should press the button only when the sound
becomes uncomfortable, but make sure you press it as soon as the sound reaches hatyleudiave any
guestions® Thesemodifications 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 Aminimallyo precedi mghedound ewelmpadiciparashvbutd e exposecdh d t h e
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 sousmdcelevels.
Furthermore, although this was not systematically determined using signal detection methodology, we
theorized that this addition of the word fAminimallyo

LDL process (biasing all partigants toward responding sooner, irrespective of loudness tolerance), thereby

206



reducing error variance in LDLs due to constrnctlevant cognitive factors. Although no published
psychometric data are available on this specific modified LDL protocol,, LDLs demonstrated extremely high
inter-aural symmetry, a lowdvound approximatioof testretest reliability (mean ICC(A,1)=.901, range .849

.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
5.2.3.4.1Middle Ear Muscle Reflex Testing

MEMR testing was completed using a GSI Tympstar migdietest system (Gras@tadler, Inc.,
Eden Prairie, MN, USA) . Participantsé ipsilateral an
ears using a 226lz probe tone and broadband noiseilic MEMR threshold was defined as the level at
which a change in middle ear compliance of ©00.020 m
trials. Presentation level began at 65 dB HL and increased by 5 dB peespmmse until threstoblwas
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 00dB HL for contralateral reflexes (although individual participants could opt to
stop presentations earlier based on individual tolerability), with any unobtained reflegeigared in our
subsequent statistical model at the highest tested levehddysis. 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 EROD OAE probe (Etymotic ResearchkEbrove Village, IL, USA) inside
a soundreated booth. One EBA 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. TEOAESs were elicited by 100 ps 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 televisiomggram 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
(Asuppressionod bl oc k 3hHe ordenaf blocks was alvisy eft iEaricNlo sugpredsiom o t .
Left Eari Suppression, Left EArNo suppression, Left E&rSuppression, Right E&rNo suppression, Right
Eari Suppression, Right E&rNo suppression, Right EarSuppression, with an additional practice block of

Left Eari 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 theibUuilSB amplifier (automatic
gain selection), higipass filtered at 150 Hz {fiole,-6dB/Oct), amplified once again, higlass filtered again
at 450 Hz (4 order Bessek6dB/Oct), lowpass filtered at 5000 Hz {4rder Bessek6dB/Oct), amplified a
final time, and higkpass filtered a final time at 160 Hzfble,-6dB/Oct), before being converted to ali6
digital signal. The B18 ms posstimulus window of the OAE response was subjdte 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 reatings, as is standard practice in TEOAE measurement.
Acquired epochs within each block were averaged and stored into a split buffer, wheaecd:oeid
epochs were averaged in different bdffari t h t he mean of these providing t
amplitudeo) and the difference The TE@AEGAMpltgde andmoisen 0i s e e
floor for each suppression and remppression trial were utilized as dependent variables in our analyses.
Notabl vy, unli ke much research that hasofgiffevenass§ gL
approach (i.e., subtracting the sigt@hoise ratios [in dB] of TEOAE trials with and without suppression),
we opted to calculate MOCR strength in a linear mig#dcts model framework, in which TEOAE amplitude
was regressed on both noise figfixed 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 ¢geweab
experimental studies of OAE suppress{erng., Maison et al., 2000yWhen calalated in this manner, the
suppression term of the model (collapsed across ears) demonstrated stn@igsestliability averaged across
the test and retest trials (ICC(A,2)=.922y4I[.493., .972]). This was in contrast to the difference of difference
scores, which demonstrated an unacceptably lowrégsst reliability when averaged across test and retest
timepoints (ICC(A,2)=.432, Gi«[.267, .560]). Thus, modddased estimation of the MOCR effect was utilized
in the current analysis rather theadculation of a difference score for each individdasupplemental analysis
of the current studydés MOCR data wusing a difference

the robustness of any MOCR findings to choice of method.

5.2.3.5 Psychoacoustic Tasks
5.2.3.5.1Naturalistic 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) fromoatrols without DST disorders. The NSRT is a MATLARBsed

experimental paradigm in which participants rate a series of sli@ts@cond) sound clipsvith 1 ms rise

208



time, 100 ms fall time; all sounds normalized to the samemaatinsquare [RMSIJSPL [60, 70, or 80 dB SPL
depending on the block]) on a bipolar visual analog scale (VAS) ranging frénEx(t r e me | yto Pl eas an:
100 Ext r emel y ). Nataply, previsus wetsions 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, Lorio&lgt2021) inord r t 0 gener ate pool ¢
di scr i mi naDsve andCDR@sfar 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 creatorsasktiaere 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 &h lhnyperacusis and misophonilde performance
of the task in autistic individualgasalso unknown at #time of this study; thus, it wasnclear whether autism
status may predict sound ratings either independently of DST status or as a moderator of hypeousis
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 smallermber of sounds, retaining &IDS.vr andCDSuiso 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: (&R$hvr sounds K=7; bird song, harp, fountain bubbling,
laugh, ocean, piano, underwater); (b)@DSuso sounds K=11; two chewing sounds, two slurping sounds,
swallowing, sniffing, throat clear, heavy breathing, keyboard clacking, pen click, snoring); (c) additional
Afgeneral lkp2pl appdauEde( musi c) k=8 baby cfyioge carchors tolghingu npl eas
screaming, nailen-chalkboard, fire alarm, fork scratching plate, vomiting) sounds taken from prior iterations
of the task to ensure that the full VAs being utilized; and (d) novel sounds not previously used in prior
iterations of the taskk€2; 2s econd broadband noise with an4iz without
amplitude modulation). In total, each of these soukd8X) was presented up to six times: twice each at 60,
70, and 80 dB RMS&PL. Task stimuli were calibrategsing a Bruel & Kjaer Pulse calibration system Type
3560C with Type 4157 coupler to increase study accuracy and reproducidilisounds were binaurally
presented through étexternal channel of the aforementioned GSI 61 Clinical Audiometer usi3g\Hifisert
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,ia parti ci pant ever suppl.
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). Participaetslserlble to utilize the

MUTE button on the experimental computer to instantly suppress all auditory input during a trial, in which
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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 RMSSPL, were playedyas used to demonstrate the VAS rating procedures prior to the beginning

of the task. Trialevel item scores o€DSivr andCDSuiso sounds (across all levels and including trials on

which no stimulus was given) were used as the dependent variables umrédreg study.

5.2.3.5.2Categorical 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 loudnesgensity growth functins (Wrdblewski 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 <cat eguditorydymamicl oudnes
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 inelded: (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 400 c r o0 s e c dick dstanuli(peesehted in rarefaction
polarity at a presentation rate of 27.7 clicks/s. The four tonal stimuli additionally includechs 28 and fall
time. Importantly, four of these five stimuli (all but the 500 Hz amplitude modulated tone) veesautie
stimuli used in later electrophysiologic testing (pure tone to elicit cortical-egktéed potentials [ERPs], 2000
Hz amplitudemodulated tones to elicit auditory steagtgte responses [ASSRs], and clicks to elicit auditory
brainstem responses BRs]); participant and stimulespeci fi ¢ Al oudness | evel so del
were used to calibrate the levels presented in each of these later electrophysiological tasksgseeiftask
methods sections for additional details). The task wadwiad in a sountteated booth, and all sounds were
presented through EBA insert earphones via the external channel of the sam&@8inical audiometer as
used for the remainder of audiometric and psychoacoustic data collection. Stimuli wereechtibtz within
+1 dB SPL of their expected presentation levels.

Each block of the CLS-ftiandk nlgedg epmr owietdhura , iti mr evhh @
initially presented at 50 dB SPL (50 dB peaduivalent SPL [peSPL] in the case of clicks; all levels measured
using the aforementioned Bruel & Kjaer caliboatisystem). After each presentation, the participant was
providedwithan1p oi nt <cl i ckabl e response scal €éRaseshwgneatg f r om
al., 2015) and each response was recorded. If the tone was heard (i.e., a loudnesg ratjqgoe at er t han A

Hear o [0 categorical units (CU)] was provided), the

210



tone was presented. Once the ACanét Hearo (0 CU) resy

of -10 dB SPL, the thresholdi ndi ng procedure was ter mi Afatnedd nfgmr
procedure was initiated. The LEfinding pracedure used trials of the same structuresgd@ond 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 wasreasedby 5 dB per nosterminagd trial, and the
termination criterion was a rating of AToo Loudo
peSPL for clicks). An i ndi vidkscendiniiraal on vahicleasrdttioglotther wa s
than 0 CU was provided, and their LDL was defined as tha$asindingrial on which a rating other than 50

CU was provided.

Once the auditory dynamic range (threshold and LDL values)dtmaulus was defined, 15 equally

spaced SPL values were calculated that spanned the full dynamic range, and these became the presentation

|l evel s for that stimulus within the remainder of
struicture was the same as in the thresHimlding and LDL-finding portions of the block, with three
presentations of the stimulus of interest at each of the 15 equidistant levels {pa®lmized such that all
15 levels must be played once before any carepeated 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 &

t |

(50
def

he

Hohmann, 2002; Rasetshwane et al ., 2015)ndlevelse par ad

were ever rated 15 or more CU (i.e., 3 categories on thmiht 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 levelrad at0 or500s (A Candét Hear 0o or fAToo Loudo)

bl ock was no |l onger presented for the remainder of
or LDL. The full CLS task consisted of five stimutapecific blocks (each contamig fit hfr ierscion g, 0

ALDfLi nding, 0 and filoudness function determinationbo

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; Wroblewski et al.,
2017). Using the conversion of CUs to sonest fieveloped by Heeren et al. (2013) and further validated using
the Rasetshwane CLS paradigm by Wroblewski et al. (2017), we generated power functions (i.e.,-loudness
intensity growth functions) for each participant and stimulus using individual loudatggss in CUs. Utilizing
just the trials within the loudness function determination portion of a given block, we first calculated the
HarrellDavis median (Harrell & Davis, 1982) SPL value for each of the CU responses provided by the
participant withintat bl ock, excluding any values of O or 50

The CU values associated with each of these median SPLs were then convertegdd4@iDs (Heeren et al.,
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2013; Wréblewski et al., 2017), and a loudness growth function for that block was fit using an ordinary least

squared regression of log(Gddd on medi an SPL. This function was then
for each of the stimui expected SPL values needed to producesetd al ues of 1.45 (15 CU,
9.99 (25 CU, i.e., fAMediumodo), and 28.54 (35 CU, i.ce
stimuli, allowing us to utilize these specific levels in the electrophysiolagiadigms (described in Chapter

6). Individual loudness growth function slopes for the four tonal stimuli were used as dependent variables in

our analysigcalculated from a Bayesian hierarchical regression of log{Qlbn median SPL; sesection

5.6.1for additional details).

5.2.4 Data Analysis
5.2.4.1 Descriptive Analyses and Background Demographic/Clinical Variables

Descriptive statistics were firglerivedto characterize the sample in terms of its demographic and
clinical characteristics, including cognitive test scorespaturring conditions, hearing status, tinnitus, and
DST disordersWe subsequentliit 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 inrtheR packaggBirkner, 2017) using
Bernoulli likelihoods (logit link) for binary outcomes and Poisson likelihoods (log link) for count outcomes.
All models included DISS8erived diagnoses of hyperacusis, misophonia, and phonophobialéete
monotonic variables; Bléiner & Charpentier, 2020); autism status; and several covariates, including age, sex,
language composite, and PIQ, with continuous covariates and outcomes standardized before model fitting.
Priors includeds(0, 1) on intercepts andormal0, 0.5) for allslope parameters. Model parameters were
summarized using the posterior median, 95% higtlessity credible interval (Crl), and probability of
direction Pg; Makowski et al., 2019)Theselfr e port ed fage of onseto variable
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 conjparede . Ahyperacusi
before misophoni ad or af nomssoepth oati aa mmrdo xpi hnoantoeplhyo bs a me
individuals in the sample gave approximate ages of ¢
remember 0), -persahortitlucemparisonshaera arguably as precise as our coslien £puld

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, WASPIQ, and number of psychiatric/neurodevelopmental
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diagnoses [monotonig]jb) autism status (binary(c) DST status (hyperacusis, misophonia, and phonophobia)
derived from the DISSS (thrdevel monotonic variables; Burkner & Charpentier, 2020)d (d) additional
outcomespecific covariates that varied according to the model (e.g., hearing threshold for LDLs or frequency

and amplitude modulation for CLS slope values; Sapplemental Table 5##r full model specification).

Interaction terms (primarily autistnDST 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 oh®&Jtism
interaction was tested per model, with the interaction term cleopeiori based on prior literaturen autism

or either DST construguggesting a possible association between that outcome and a certain form of DST
(autism?® hyperacusis was chosen for all models ex€&p&aso). 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 effect) to determine whether autistic and ratistic individuals exhibit different
scores on these measures, independently of DST status (autism group; effielcs) to determine whether
autistic and nosautistic individuals with DST exhibit different scores on these meas(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 thatanirghange indicated the difference between
clinically significant DST and no DST, and all continuous variables were standarditzéd) $D=1 in the
sample) prior to fitting.

These models were fit in a flexible Bayesian framework usindgpitims R package (Burkner, 2017),
withstudentt]l i kel i hoods employed to increase the model sb6 r «
outcomes (such as LDLs, NSRT sound ratings, and MEMR thresholds) includeesponse as a possible
input, we incorporated (righjensoring in the model fathose responses (sound levels censored at the
maximum presented level; NSRT ratings censored at ratings of 100 on the VAS). Prior distributions for these
models includeds(0, 1) for all regression interceptdprmal(0, 0.5) for all slope parameteesxponentig]l)
for random effect standard deviations and the residual errorgammd2, 0.1) forn (the degreesf-freedom
parameter for thé-distribution), LewandowskKurowicka-Joe [LKJ] priors (Lewandowski et al., 2009) for
correlation matriceshE2), and Dirichletd=1, é, 1) priors for monotonic effe
models were estimated via Markov chain Monte Carlo (MCMC) using the foriUSampler (Hoffman &
Gelman, 2014). Posterior distributionsatif parameters were generated using 20,000pasnup MQMC
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% Crl of each effect (with a Crl that excludes zero providing evidence of a

Astatisti cal | ;andgb)thenprohabiltyafrdirectiomeyfi.€., ¢he posterior probability thbty
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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 frequentisp-value, with valuesoPs> . 975 judged as i &ivaltess7baal |y si
analogous to a twtailed p<.05; Makowski et al., 2019We additionally testels values against a region of

practical equivalence (ROPE; Kruschke, 2018), a null region surrounding zero (in thisggs@.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 factoBFropg Liao et al., 2021; Linde et al., 2023; Makowski et al., 2db®Wwhich values

of BFrope>3 indicated a statistically significant group difference, valueBFabre<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 guidgMiagenmakers et al., 2011). The posterior probability

of a given effect exceeding the ROPE in the direction of the point estimats:£ i.e., theprobability of a
Apractically significantd effect) was also estimate:
Notably, although these many indices of significance provide bright lines for effects to be considered
isignificaalttoeromratniovtel(yorfiequi valento or not in the ¢
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 bywymigading statisticians and methodologists as
insufficiently nuanced (Gelman & Stern, 2006; Greenland, 2019; McShane et al., 2019; Wasserstein & Lazar,
2016). Thus, although we continue to categssityihze effe
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 effectsizes) 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 beTabtel in
5.1 Participants spanned the full range of eligible ages6@§earsM=33.27,SD=10.09), and the sample
predominantly identified as nerispanic White (73.1%), cisgender women (69.7%), and-edhlicated
(74.8% graduated from a foyear college; 41.1% with at least some graduate school). Consistent with the
aboveaverage education lel of our sample, participants also demonstrated intelligence quotients
approximately one standard deviation above the population mean (WRSIQ-4: M=116.64,SD=11.00,
Min-Max=78 141; PIQ:M=110.57,SD=11.94, MirMax=72 142) and slightly elevated average vocabulary
scores (ROWPVH: M=111.37,SD=14.54, MinMax=78 146, EOWPVT4: M=104.23,SD=13.35, Min

Max=75 133). Thirtyfive individuals in the sample (21 cisgender women, 1 transgender woman, 9 cisgender
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men, 3 norbinary 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 comrfdddn=3, IQR=1 4 total psychiatric/neurodevelopmental
diagnoses), with lifetime major depressive disorder7d; 62.2%), generalized anxiety disorder%5
[46.2%]), ADHD (=45 [37.8%)]), social anxiety disorder#42 [35.2%]), and obsessie®ompulsive disater

(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 hyperad&®is1.47, Crbsy [1.05, 2.03],P4=.990), misophonia
(IRR=1.57, Crbs% [1.15, 2.16],P4=.998), and phonophobi#dRR=1.44, Crse[1.10, 1.90],P=.996), but not

with autism (RR=1.10, Crbse,[0.857, 1.44]P4=.774). Among covariates, older adgi@Rsii=1.65, Crbse,[1.08,

2.52], Pg=.990) and male sexIRR=2.02, Crbsy [1.00, 4.16], P4=.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 inh#®rs (
[23.5%]; inclusive of vortioxetine and vilazodone) and psychostimulamtd5( [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 [rangel.25 24.58]), with 20.2% of the sample=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 Hiti(igdiearing
loss that may be limited to extended high frequencies). Logistic regression indicated that hearing loss (defined
as any threshold value >25 dB HL betweeniB®O0 Hz in either ear) was significantly related to older age
(ORst=1.88, Crbso,[1.27, 2.91],P4=.999) but noto autism or any of the DST disordel®Rs=0.9451.35,
P4<.716) this same pattern of results occurvettkn expanding the definition of hearing loss to extexdgh
frequencies as well (age effe@Rs=3.53, Crbsy [2.10, 600], P¢>.999; DST/autism effect£DRs=0.840
1.20,P¢<.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 A (i.e., reduced compliance and typical peak pressw;ears) or type A(i.e., increased compliance
and typical peak pressunes14 ears). One individual (cisgender rauttistic male with clinically significant
misophonia, hyperacusis, and titus disorder) did demonstrate a type B tympanogdiam flat tracing with
no clear peakin the right ear, although he demonstrated no clinically significant hearing loss in the affected
ear (air conduct i oni8b0B HA er hsyrhmesic hee2iry theegholdd In the éxPected

direction of a rightsided pathological lesion (i.eight-sided threshold never exceeded-&fted 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 tympanogtgpe in either ear at either visit) in a logistic regression, after
controlling for age, sex, language composite and PIRs€0.7741.19, allP4<.680).

As an additional hearingelated variable, 33 individuals in the study (27.7%) complained of tinnitus
(lasting5 minutes or more at a tifen the DISSS. Nine individuals reported episodic tinnitus (occurring less
than once per week), 17 reported chronic tinnitus (occurring once per week or more episadidalyof
constantly when quietf9] but not associated with significant distress or functional impairmentsereh
reported tinnitus disorder (De Ridder et al ., 2021)
disability, distress and functional i mpairment. A I|lo
as the outcome found tinngto be significantly associated with older a@d¢=1.66, Crbse, [1.10, 2.58],
P¢=.992) and marginally associated with male $2R£2.04, Crbs%[0.988, 4.15]P4=.974), although not with
autism status@R=0.762, Crds [0.345, 1.58],P4=.762) or any ofhe three DST diagnoses (ORs=1.235,
P4<.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), 561 3%) were
found to have a DST disorder that was deemed clinically significant. A-tabstation of hyperacusis,
misophonia, and autism status can be founBaible 5.2 In total, 48 individuals (28 autistic) met criteria for
clinical hyperacusi s: 22 with fApure |l oudness hypere
intermedi ate phenotype of -iidotedkpaid océuyed dut dic noshpes , 0 wher
frequently enough to meet the definition of pain hyperacusis. An additionatiRddiuals {ive 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 criteriafor subclinical misophonia. Lastly, 28 individuals (16 autistic) met criteria for clinical
phonophobia, with an additionaight (five autistic) meeting criteria for subclinical phonophobia. As seen in
Table 5.2the overlap between DSTmditions 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%] cliniB&8 [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%] clinicd}04[10.0%] subclinical). Of
partiaular note was the fact that phonophobia was almost never a solitary didgobtie 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,phar t i ci pants were judged to have cl i
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Table5.1: Demographic and Clinical Characteristics of Sample and Adtissed Subgroups

Full Sample Autistic Group Non-autistic Group
(N=119) (n=35) (n=84)
Age (Years) 33.27 (10.09) 31.46 (9.70) 34.02 (10.21)

Sex
Male
Female
Gender minority
Hispanic/Latinoethnicity
Race
American Indian/Alaska Native
Asian
Black
Middle Eastern/North African
Pacific islander
White
Other race
Highest level of education
High school diploma/GED
Some college
Associate degree

Bachel ords degr.:

Some graduate school
Master's degree
Doctorate degree

Clinical hearing loss (excludes EHF)

Octave PTA (25@B000 Hz)i Left
Octave PTA (258000 Hz)i Right
Tinnitus
Cognitive and language scores
Verbal 1Q
Performance 1Q
Full-scale 1Q
Receptive language
Expressive language
Psychiatric history
Number of diagnoses
Any anxiety disorder (current)
Lifetime mood disorder
ADHD
OCD
Psychotropic medication use

31 (26.1%)
88 (73.9%)
6 (5.04%)
10 (8.4%)

4 (3.4%)
12 (10.1%)
6 (5.0%)

2 (1.7%)
0 (0.0%)
102 (85.7%)
1 (0.8%)

10 (8.4%)
17 (14.3%)
3 (2.5%)
40 (33.6%)
13 (10.9%)
27 (22.7%)
9 (7.6%)
24 (20.2%)
9.62 (5.65)
8.39 (5.69)
33 (27.7%)

118.72 (13.02)
110.59 (11.96)
116.64 (11.00)
110.91 (14.73)
104.13 (13.41)

2.95 (2.33)
73 (61.3%)
78 (65.5%)
45 (37.8%)
24 (20.2%)
58 (48.7%)

10 (28.6%)

25 (71.4%)
5 (14.3%)
1 (2.9%)

2 (5.7%)
3 (8.6%)
1 (2.9%)
1 (2.9%)
0 (0.0%)

33 (94.3%)
1 (2.9%)

5 (14.3%)
8 (22.9%)
3 (8.6%)
10 (28.6%)
2 (5.7%)
4 (11.4%)
3 (8.6%)
8 (22.9%)
8.72 (5.15)
7.60 (6.37)
9 (25.7%)

116.86 (12.70)
109.57 (14.08)
115.23 (12.82)
110.83 (13.96)
106.31 (12.92)

4.83 (2.22)
29 (82.9%)
26 (74.3%)
21 (60.0%)
14 (40.0%)
22 (62.9%)

21 (25.0%)
63 (75.0%)
1 (1.2%)
9 (10.7%)

2 (2.4%)
9 (10.7%)
5 (6.0%)
1 (1.2%)
0 (0.0%)

69 (82.1%)
0 (0.0%)

5 (6.0%)
9 (10.7%)

0 (0.0%)
30 (35.7%)
11 (13.1%)
23 (27.4%)
6 (7.1%)
16 (19.0%)
9.99 (5.83)
8.72 (5.40)
24 (28.6%)

119.51 (13.15)
111.02 (11.01)
117.24 (10.16)
110.94 (15.12)
103.23 (13.58)

2.17 (1.89)
44 (52.4%)
52 (61.9%)
24 (28.6%)
10 (11.9%)
36 (42.9%)

Values are presented Bis(SD) for continuous variables amd(%) for categorical variables. Percentages reflect the percentage-ofissing
values. All psychiatric diagnosesebased on the Diagnostic Assessment Research Tool (DART). EHF = Extended High Frequency; PTA =
Puretone average; 1Q = Intelligence Quotient; ADHD = attenileficit/hyperactivity disorder; OCD = obsessiwempulsive disorder.
2Medication classes taken Eiye or more participants include selective serotonin reuptake inhibite28], psychostimulants1€15), atypical
antipsychoticsr=8), benzodiazepines£8), alpha2 agonistsif=8), bupropionf=7), anticonvulsant mood stabilizers=g), propranolol if=6),
gabapentinoidsnE6), serotoninnorepinephrine reuptake inhibitors=5), and trazodone or mirtazapimre=5).
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noi se sensitivityo; Dzhambov, 2015; Henry et al ., 20

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 apprately 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 reportecto be aft
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 fearddagions 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, despéeethlsaaing occurred

before), providing substantial qualitative evidence

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
(BFrore<0.165), and the effect of misophonia on hearing thresholds was not significant despite not surpassing
the threshold for practical equivalencBFgope=0.345). As would be expected, there was a practically
significant effect of age on hearing thresholds, with older age associated with higher tisré¢sheid. 194,

Crlgsy, [0.129, 0.258],P¢>.999, BFrope=62.3, Psrope=.997). We additionally observed a statistically but not
practically significant effect of sex, with males demonstrating slightly higher threshmlgs0(182, Crésy

[0.043, 0.324]Py=.995,BFrope=1.36,P-rope=.880). No other covariates were significant, and a supplemental
model including a hyperacusisautism interaction suggested that no such interaction was present(054,

Crlgsy, [-0.466, 0.349]P4=.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 nesignificantly so at 16 kHz, indicating very slight and practicallyigngicant
elevations at the group levebg(y12505.144, Crbsy [-0.163, 0.520]Py=.667, BFrope=0.163, P>rope=.350;

bstd 16005144, Crbses [-0.163, 0.520]Ps=.829,BFrope=0.353,Psrope=.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 withyperacusidisi=-0.943, Crésy [-1.331,-0.552],P¢>.999,
BFrore=807, P-rore>.999). LDLs were equivalent across misophonia, phonophobia, and autism groups

(BFrore<0.267;Table 5.3. LDLs were also significantly associated with hearing threshold, such that higher
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Table5.2: Crosstabulation of Hyperacusis and Misophonia Status in Study Sample and Autistadistic Subgroups

Full Sample Autistic Non-autistic

Any hyperacusis only 15 6 9

Clinical hyperacusis only 10 6
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 misophon 8 2 6
No hyperacusis or misophonia 36 2 34

Hyperacusis and misophonia diagnoaesebased on the Diagnostic Interview for Sound Sensitivity Disorders (DISSS). Hyperacusis status indicates either
il oudness hyperacusiso or fApain hyperacusis, o0 witheacthbdihidleddadiyppeataica
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thresholds at a given frequency were associated with higher LDLs to a practically meaningful extent
(bst=0.240, Crdse[0.159, 0.316]P¢>.999,BFrope=101, P>rope=.998;Figure 5.1A. Male participants also
demonstrated significantly higher LDLs than female participdnrts=0.313, Crdse [0.054, 0.582]P¢=.990,
BFrore=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 LDL$¢=-0.095, Crse, [-0.200,-0.005], P4=.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, supgpemental model including

a hyperacusis I autism interacti oer8.065Grk.d-0.28 t hat
0.630],P¢=.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 sidebgsi=0.369, Cris0,[0.229, 0.522]P¢>.999,BFrope=902,P>rope>.999). However, MEMR
threshold levels were equivalent across DST grolfkdpe<0.292; Table 5.3. Autistic participants
demonstrated numerically higher MEMR thresholds thanadistic participants, although this was not
statistically significant and evidence was inconclusive as to whether this reflected a practically significant
difference or not(bsi=0.245, Crise [-0.153, 0.638],P4=.884, BFrope=0.886, P-rope=.764). No other
covariates were significant, and no hyperacésiaitism interaction was present when tested in a separate
model psi=-0.066, Crésy[-0.900, 0.753]Py=.563,BFrope=0.380,Psrope=.467).

The model for TEOAESs 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 tlidagnoses with suppression condition (reflecting
group differences in the strength of the MOCR). In the TEOAE model, OAE amplitude was strongly related
to noise floor Ksi=0.552, Crise[0.506, 0.597]P¢>.999,BFrope=1.63 10?°, P-rope>.999), and the practical
significance of the suppression main effdudi-0.352, Crésy [-0.472,-0.229], Pg>.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 0sw=-0.340, Crdsy, [-0.647,-0.043], P4=.986, BFrope=3.18, P-rope=.940). OAE amplitudes
were found to be equivalent between individuals with and without hyperacusis and misophonia
(BFrore<0.173 for main effectsTable 5.3, and these amplitudes were also not significantly different
between autistic and neautistic individuals fs(=0.065, Créso [-0.329, 0.455]P¢=.625, BFrope=0.337,

P-rore=.430) or individuals with and without phonophobtig=-0.265, Crésy [-0.688, 0.158]P¢=.890,
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Table5.3: Focal Model Parameters and Indices of Effect Significance for Outcomes of Interest

bstd [95% Crl] P4 BFropPe P>ropPE
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 F0.335, 0.307] 0.525 0.101 0.289
Phonophobia 0.198 F0.146, 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 F0.498, 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 F0.430, 0.490] 0.524 0.173 0.353
Misophonia -0.052 F0.458, 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® Suppression -0.062 [0.274, 0.151] 0.716 0.066 0.356
Misophonia? Suppression 0.055 [F0.124, 0.240] 0.726 0.049 0.315
Phonophobia® Suppression 0.207 [0.011, 0.398] 0.981 0.563 0.863
Autism? 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 CDSvp)
Hyperacusis 0.154 F0.169, 0.460] 0.834 0.196 0.633
Misophonia -0.024 [F0.380, 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 CDSuiso)
Hyperacusis -0.053 F0.309, 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 significaRt¥0.975) are bolded, whereas contrasts that are practically equivalent to zero

(BFroreD1/ 3) ar e

presented in italics).

Il nteractions

bet ween

but were not significant in any ca$®.= probability of directionBFrore= ROPE Bayes factoR-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 &fing; = core discriminant sounds

for hyperacusisCDSuso = corediscriminant sounds for misophonia.
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Figure5.1: Raincloud Plots of (A) Loudness Discomfort Levels and (B) Categorical Loudness Suadied) Loudness Growth Slopes by Hyperacusis Status
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Black points and error bars represent group means and their standard errors. All individual mean loudness discomifertheveisvaighted average of left ear and
right ear mean discomfort thresholds for all tested frequencies for a given individhalensored values imputed as the limit of the audiometer + 5 dB. All individual
mean loudness growth slopes represent the unweighted average of four-edfeddnerms derived from individual Bayesian hierarchical models for the different
tonal categodal loudness scaling conditions (500 Hz and 2000 Hz tones with and without amplitude modulation).
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Figure5.2: Raincloud Plot of Transient Evoked Otoacoustic Emission (TEOAE) Suppression by Phonophobia Status

Residualized TEOAE Suppression (dB)

No Phonophobia Subclinical Phonophobia Clinical Phonophobia
Phonophobia Status

Black points and error bars represent group means and their standard errors. All individual TEOAE suppression effettsarefoasslope terms from a (restricted
maximumlikelihood) linear mixeeeffects 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 andantstic
individuals were equivalenBfrope=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 onls=0.207, Crése, [0.011, 0.398], P4=.981, BFrope=0.563,
P-rope=.863; Figure 5.2. Although this effect wastatistically significant, it was relatively small in
magnitude and inconclusive in terms of its practical significance. No other covariates were significant, and
both the hyperacusfsautism interaction terms were not significant when tested in a separate model (OAE
amplitude: bs=-0.201, Crdsy, [-0.590, 1.003],Ps=.688, BFrope=0.408, P>rope=.595; MOCR effect:
bs«=0.003, Crdsy [-0.458, 0.435],Pi=.505, BFrope=0.165, Psrope=.328). We additionally performed a
sensitivity analysi s, in which the MOCR was qgquant
di fferenced met hod-basadesiimpaes weehdd used fortthe primanp ashadykes. In this
sensitivity analysis, #heffect of phonophobia on MOCR amplitudes was no longer significast-0.107,

Crlgse, [-0.260, 0.047)], P4=.915,BFrope=0.217, P>rope=.533).

5.3.4 Psychoacoustic Tasks

Pleasantness ratings from the NSRT onGB&,vp portion of the task were significantly associated
with sound level (contrast of highest and lowest SPb&=0.421, Crésy [0.336, 0.507],Pg>.999,
BFrope=2.5B 107, Psrope>.999). Surprisingly, individuals with and without hyperacusis provided practically
equivalent pleasantness ratings for B8Sivp sounds Ws=0.134, Crdsy [-0.120, 0.381],Py=.854,
BFrope=0.158, P-rope=.606), and practical equivalence was also observed across misophonia and
phonophobia group8Frore<0.081; Table 5.3). Autistic individuals provided on average marginally higher
unpleasantness ratings ©DSivr sounds, although this difference did not reach the threshold for statistical
significance s«=0.150, Crésy [-0.068, 0.377],P4=.906, BFrope=0.405, P-rope=.673). No additional
covariates were significant in this model, and the hyperagusigism interaction term in a separate model
was found to be practically equivalent to zepe£0.119, Crdsy, [-0.414, 0.634]Py=.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 hyperacusi§ SPL interaction term, finding a statistically significant interaction term between the two
(contrast of clinical vs. no hyperacusis at highest and lowest 8RIe0.224, Crdsy,[0.045, 0.422]P¢=.989,
BFrore=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 lo&B&6:bsi—=0.315, Crése[0.141, 0.491]P¢=.999,
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BFrore=7.25,P>rore=.989), and the main effect of hyperacusis was still equivalent tolzgre0(174, Créso,
[-0.076, 0.430]P¢=.915,BFrope=0.241,P-rope=.722). Additionally, the degree to which hyperacusis groups

were meaningfullydiscriminated varied greatly across stimuli as well as sound Ieésefsplemental Table

59, with all sounds but ALaugho and ABirdsongo onl
SPL and one (Underwater) not demonstrating significant group discrimination at any level.

Pleasantness ratings from the NSRT onGBSuiso portion of the task were also associated with
sound level to an even larger extent tharGB&,ve sounds (contrast of highest and lowest SBEg=0.730,

Crlgsy [0.648, 0.813],Ps>.999, BFrope=1.32 10°, P>rope>.999). Moreover, individuals with misophonia
rated these sounds as significantly more unpleasant than those without the cohgitr@443, Crisy
[0.144, 0.729]P4=.997,BFrope=6.60,P-rope=.986). In contrast, ratings @DSuso sounds were equivalent
across groups based on autism, hyperacusis, and phonophobiaBffatizs<(Q.222; Table 5.3). No other
covariates were significant in this model, and the misophoaiatism interaction term in a separate model
did not reach the threshold for statistical significanbe$0.109, Crése [-0.168, 0.390],P4=.780,
BFrore=0.526, P-rope=.403). As participants with misophonia experience variable reactions to different
trigger sounds, we additionally conducted a gast analysis of misophonia group effects for each sound
separately (derived from the same hierarchical model, which incladeshdom slope term by sound).
Notably, misophonia effects on unpleasantness ratings of the valBSuso sounds were quite
heterogeneoudé 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 Breathindps@t0.148,P3<.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 $ahan for 500 Hz toneb4i=0.193, Crése,[0.079, 0.307],
Pa>.999,BFrope=3.34,Psrope=.945) and greater for unmodulated as opposed to modulatediiewe3.175,

Crlgsy [0.082, 0.270],P+>.999, BFrore=3.12, Psrope=.942). Additionally, these factors were saldlditive,

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 effe§ts-0.137, Crisy [-0.010,-0.265],

P4=.981, BFrope=0.462,P-rope=.714). As hypothesized, there was a moderate and statistically significant
effect of hyperacusis on CHSased loudness growth slopes, with individuals in the hyperacusis group
demonstrating steeper psychoacoustic loudness functimps0(535, Crdsy, [0.059, 1.001],P4=.987
BFrore=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 thresholdBfFror=3). Loudness growth slopes were equivalent between autistic and non
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Figure5.3: Average Marginal Effects of Misophonia Status by Sound Stimulus within the CDSBid&ad Pool

Throat Clearing 1 : A 0:099 [-0.076, 0.285]
Swallowing - A 0:494 [ 0.304, 0.684]
Snoring 4 A 0:148 [-0.048, 0.334]
Sniffing A
Slurping 2 - 0.825 [ 0.634, 1.024]

Chewing 2 A : 0.972 [ 0.778, 1.170]

1:030{ 0.833, 1.230]

0:380{ 0.198, 0.567]

Pen Clicking - 0:221 [ 0.044, 0.411]

Chewing 1 1

Keyboard - 0:104 [-0.077, 0.287]

Heavy Breathing 1 -0:006 [-0.191, 0.170]

Slurping 1 1 - A - 0.676 [ 0.494, 0.870]

0.5 0.0 0.5 1.0 15 2.0 25
Average Marginal Effect of Misophonia Status (SD Units)

All effects represent the contrast between individuals with clinical misophonia and no misophonia, marginalized oveb&Tatbgariates (as well as participant)

and conditional on the mean of continuous covariates. Full posterior distribution$ @ffest are displayed. Circles represent posterior medians, and the thick and
thin bars represent the 50% and 95% highesisity credible intervals (Crls). The posterior median and 95% Crl for each effect is presented on the right side of the
plot. The gay rectangle represents the region of practical equivaledde 0.1].
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autistic individuals, as well as individuals with and without misophonia or phonop(&iiare<0.295; Table
5.3). No other covariates were significant, and no hyperacusis ~ autism interaction was present when tested in a

separate modebé—=-0.024, Crése[-0.156, 0.083]P¢=.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 norautistic adults witttonsideration 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 sestructured interview nesure, 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 olde
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. Howevas 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 steepeinthg CLSbased loudnessatensity
function, and Misophonia (but not any other DST disorder) demonstrated a strong association with ratings of the
ficore discri minant CBSast Bndler, Loriotret am 202D, @lthoughi itas motalhiattthis
latter effect was largely driven by a subset of the sounds (e.g., chewing, slurping), and certaspsofficd
contrasts were not significant. Hyperacusis was al so
hy p er aCD$sspj Eszter, Fournier, et al., 2021), but this group difference was only present for certain sounds
at higher levels, resulting in weaker discrimination than for the misophonia sound battery. Effects of DST on
peripheral physiology (TEOAEs and MEMRs) weregkly absent, with the exception of phonophobia (but not
hyperacusis or misophonia) being associated with a slightly reduced MOCR (i.e., higher TEOAE amplitudes in
the suppression condition). Additionally, there were no significant interactions of autism anstdd$ across
any outcomes (and many demonstrated practical equivalence), indicating that the correlates of DST (and
mechanistic pathways they represent) do not differ between autistic asaditistic individuals with hyperacusis,
misophonia, or phonopibia. By examining a large number of relevant outcomes in a dphplyotyped 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 D&d begin to move away from descriptive and-non

experimental studies toward a more hypothdsigen 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 ihesion criteria required participants to have normal hearing sensitivity at threaingje
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 electrophysioltasks described in the following chapter). Although
individuals with higheifrequency 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 numimelivafluals 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 rangeof hear
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 popthaised study by Smit et al. (2021). It is
also notable that we observed participants with unilateral hyperacusis, in contrast to Jahn & Polley @023)
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 casaithatisilateral 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 paatesk to
demonstrate significant differences in their hearing thresholds based on prior research (Jager et al., 2020; Schréder
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 betyreap 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. ImportBntdespite 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%89; 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 inspfar as the
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 diagnoglesver 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 performancesidualizedLDLs (after controlling for relevant
covariates such as sex, frequesspgcific hearing threshold, and general psychopathology) has yet to be tested as
a meaningful hyperacusis diagnostic and remains a promising avenue for future research, givedéigrzegd
betweenrgroup discrimination. Moreover, the LDLs tested in the current study used a slightly different direction

set than many previous studies, with participants i
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theory, this modified direction set may have benefits for individuals with DST (in terms of tolerability) and could

al so be associated with |l ess error variance due to r |
fiuncomf or t a kHese claims Femaineuntested 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 nethodological 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 diagnmggis.g

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 d&oor autism despite clear evidence of welbwn
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; 8a2n2020) or
OAE suppression (Knudson et al., 2014; Wilson et al., 2017) in the current study, we believe that there is a
substantiapossibility that these pri@ssociationgdemonstrateth much smaller cohortsyerespurious. Notably,
we did find an effect gbhonophobigrather 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 analy#isit used a different method to calculate the MORIRar experimental
work does demonstrate thattherearedopwn i nf l uences (such as focusing one
modality) that can significantly increase the strength of the MOCR (Marcenaro et al., 2021; MishraCp@14)
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 prograne the
currently watching due to a heightened vigilance regarding the background noise environment. However, this
explanation remains highly speculative, and we believe that these te=yiltsr replicationLastly, misophonia
was also found to be unrelated totektesauditory peripheral physiological markdested in the present study
replicating thesmall prior OAE literaturein this population(Aryal & Prabhu, 2024; Suraj et al., 2024)/e
extended thisvork by demonstrating that MEMRs are also Uaited 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 viiperacusis 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; Norefia & Chefgroze, 2007). We did fintlyperacusis to be associated wstkeper loudness
functions in the present study, as well as some condition effects (steeper loudness growth for unmodulated and
higherfrequency tones). Though we did not determine whether these condition effects interacted with hyperacusis,
there were n@ priori hypotheses that they would, and thus we oatdichit the number of additional statistical

tests to avoidbverfitting our models Interestingly, despite the CLS slope function being theoretically more

proximal to the Amechanismod of hyperacusis than LDLs

by other variables), the CLS slope was not nearly as strong of andisztior 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 rasurements rather than a somewhat unstable Avadeld 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 ylobqacoustic 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 ritnaméa of
investigation for parsing the heterogeneity of the DST population and developing mechaseshtreatments.

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 sousd (i . e . , only the fAcore discriminant

S

supplemented with a small number of additional finega:

full range of ratings would be used) and aiming to discriminatewtbeDXST conditions from one another in a
mixedDST sample rather than si mpl y -cengotsampteaNotablyrthe tagska s e
produced mixed results, with the misophonia portion of the task working as intended (i.e., demgs$tating
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 interactidbetween hyperacusis status and SPL into the model, 80 dB SPL stimuli appeared
effective at di scriminating between groups (with t
discrimination ability of this task remained significantly belovattiof 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, onlgevenof the 11CDSuso sounds actually demonstrated significant misoph@ffects

(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), itis likely thithe short (13 second) duration of the sounds was not repetitive enough to cause the level
of distress needed for individuals with misophoni a

like chewing will (which occurs neanstantly). Opt i mi zi ng any AfAtrigger soundo
23C
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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 vargy 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 2 second presentationill 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 grodjditional 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 sestructured interview, inclusion of a comprehensive psychiatric interview,
and modern statistical methods used talyre the data. However, it had a number of limitations as well. First and
foremost, there exist no widebccepted standardized diagnostic criteria for any DST conglitiag we utilized

a criterion set that was developed by our research tearSppemental Bbles 46i 4.9) 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 senehelvant specific phobias all categorized as

fi p h ochnoobpi a o ; | oudness and pain hyperacusis both categoc¢
strategy to be appropriate given the lack of consensus around the features of these disorders, and the current data
will be available ér reuse if other researchers wish to analyze the correlates of a more circumscribed DST
phenotype (e.g., adulinset acquired pain hyperacusis) within our sample. Our study also systematically excluded
individuals with recent psychosis, active substaaioese, 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 autisrto which these results can generalize. In particular, @mesed 37.4% of autistic
individuals in the United States have-@ccurring intellectual disability (Maenner et al., 2028)erefore,it

remains particularly unclear the degree to which studies such as this, which focus excludivelyapulation of

autistic individuals without coccurring intellectual disabilitiegan 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 iriduals or translate to preclinical models. Notably, in the past decade,

a number of animal models of hyperacusis have become avditédjes et al., 2014; Radziwon et al., 2020)

introducing behavioral assays such as reaction-imessity growth functins (Radziwon & Salvi, 2020ps
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measures of fAobjectived |l oudness growth that can tran
with the condition. To our knowledge, such tasks have not been formally tested in the hyperacusis population
beyond a very small proof of condegiudy (Lauer & Dooling, 2007)and no studies to date have attempted to
compare | oudness growth sl opes ass es-basatlloudsessgmpwtls uc h fic
slopes to determine whether they are indeed measuring the same undemgtmgats. 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 translationall giotesti
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 completéltradligh our
general sampling scheme was one in which we aimed to recruit both autistic aaagtista individuals with all
levels of DST (with planned owesampling of both autistic individuals and participants with clinically significant
DST), our intaisive study protocded to the overecruitmen 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 drighfy aftelligent,
educatedand frequently not researctaive 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 somdegree of DST 1% of the study sample, includingarly all of the autistic individuals who
participated in the stud{B83/35. This undersampling of autistic individuals without any DST likely reduces our
studybés power to detect significant interactions bet
possible that even larger studies with a broader sampling dii@atisl norautistic 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 interactisnffisight 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
generatio. 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-orathiateractions
involving two DST disorders and autison autism, a DST disorder, and a condition effect (except in the case of
the OAE model, where such interactions were speciipdori). 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-sitd)i studies areeeded to purposefully
investigate the degree to which individuals with multiple DST disorders differ from indisidutd single DST
disorders on any of these outcomes. Moreover, due to the length of the study protocol, we chose to reduce the

idept ho of each paradigm (e.g., DPOAEs with and wit hi
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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 schéihg 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 Haoistic adults and 35 autistic adults that spanned the full
range of DST symptomatology, we found that hyperacusis, misophonia, and phonophobia each have unigque and
largely nonoverlapping correlates. Hyperacybist 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 Iaudresth. 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 reductionNtfQB&, but this unanticipated result requires
replication. Lastly, autism did not irgct with any DST diagnosis in predicting any outcome, indicating that the
correlates of DST disorders do not tend to differ between autistic ardutistic adultsalthough 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 larggeale transdiagnostic study of correlates provides a meaningful foundation
for future work targeting mechanisms of specific sound tolerance disorders in both amiistimrautistic

individuals and developing meaningful interventions for these understudied conditions.
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CHAPTER 5 SUPPLEMENTARY MATERIALS

5.7 Supplemental Methods
5.7.1 LoudnessSlope 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 HarrelDavis (1982) media SPL that a participant assigned a given rating to (e.g., the median of
all SPLs that were rated fALoudodo during a specific bl
primary dependent variable was the associatedréotsformed loudness 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 unmodulatesD s
amplitudemodulated tones, 2000 Hz unmodulated tones, and 2000 Hz amylitdidated tones). These models
were fit in a Bayesian framework using thhensR package (Burkner, 2017), using a Gaussian likelihotg:5
2.5) prior on regressiontiercepts, &(0, 0.25) prior on regression slopes (i.e., SPL fixed effect@&xponentigb)
prior on the standard deviation of random effects, arld<d(2) prior on the randoreffect correlation matrix. All
models were estimated via Markov chain Monte Carlo (MCMC) using the flarJSampler (Hoffman &
Gelman, 2014). Posterior distributionsadifparameters were generated using 12,500\pasnup MCMC draws
from ten separate Markov chains, and the posterior median of the distribution of the-spagiict SPL term was
used as an estimate of the stimudpecific loudness growth slope. Only point estimates of each growth slope were

carried forward for use in further statistical testing.

24=



Supplemental Tablg.4: Specifications of Hierarchical Bayesian Models for Primary Outcomes

Outcome

Fixed effects

Random effects

brmssyntax

AC Thresholds
[right-censored]

Age, Sex, Languageomposite, PIQ, Number of
psychiatric conditiongmonotonic), Autism
status, Hyperacusis status (monotonic),
Misophonia status (monotonic), Phonophobi
status (monotonic)
Ear

By Subject: Interceptar

By Frequency: InterceptEar,
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, Languageomposite, PIQ, Number of
psychiatric conditiongmonotonic), Autism
status Hyperacusis status (monotonic),
Misophonia status (monotonic), Phonophobi
status (monotonic)
Ear, Threshold

By Subject: IntercepEar

By Frequency: Intercept,Ear,
Threshold, Hyperacusis status
(monotonic), Misophonia status
(monotonic), Phonophobia statu
(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(Misophon
+ mo(Phonophobia) + Autism | Frequency)

MEMRs
[right-censored]

Age, Sex, Languageomposite, PIQ, Number of
psychiatric conditiongmonotonic), Autism
status, Hyperacusis status (monotonic),
Misophonia status (monotonic), Phonophobi
status(monotonic)
Probe Ear, Stimulus Ear, Probe Ear
Stimulus Ear

By Subject: IntercepRrobe Ear,
Stimulus Ear, Probe Ear3
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_Ea&Subjecy

TEOAEs

Age, Sex, Languageomposite, PIQ, Number of
psychiatric conditiongmonotonic), Autism
status, Hyperacusis stat{monotonic),
Misophonia status (monotonic), Phonophobi
status (monotonic)

Noise Floor, Ear, Suppression, Suppression
Interactions (with Hyperacusis, Misophonia,

Phonophobia, Autism, and Ear)

By Subject: Interceptar,
Suppression, Eal® Suppression

By Trial [Nested within Subject]:
Intercept,Suppression

TEOAE_AMP~
Age + Sex + Language + PIQ + mo(nPsych) +
Noise_Floor + Ear * Suppression + Suppresgion
mo(Hyperacusis) + Suppressibmo(Misophonia) +
Suppressiori mo(Phonophobia) Suppressiori Autism +
(1 + Ear * Suppression | Subject) +
(1 + Suppression | Subject:Trial)
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CLS Slopes

Age, Sex, Languageomposite, PIQ, Number of
psychiatric conditiongmonotonic), Autism
status, Hyperacusis status (monotonic),
Misophonia status (monotonic), Phonophobi
status (monotonic)

Frequency, AM, Frequency® AM

By Subject: IntercepErequency,
AM, Frequency?® AM

CLS_Slope- Age + Sex + Language + PIQ + mo(nPsych
mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia
Autism +Frequency * AM + (1 + Frequency * AMJubjec}

Sound Ratings
(CDSuvp)
[right-censored]

Age, Sex, Languageomposite, PIQ, Number of
psychiatric conditiongmonotonic), Autism
status Hyperacusis status (monotonic),
Misophonia status (monotonic), Phonophobi
status (monotonic)

SPL (monotonic)

By Subiject: IntercepSPL
(monotonic)

By Sound InterceptSPL
(monotonic), Hyperacusis status
(monotonic), Misophonia status
(monotonic), Phonophobia statu

(monotonic), Autism status

CDSHYP_Ratind cens(censored) ~
Age + Sex + Language + PIQ + mo(nPsych) +
mo(Hyperacusis) + mo(Misophonia) + mo(Phonophobia
Autism +mo(SPL) + (1 + mo(SPL)3ubjec} +
(1 + moHyperacuss) + moMisophonia) +
mo(Phonophobia) +Autism| Sound)

Sound Ratings

(CDSwiso)
[right-censored]

Age, Sex, Languageomposite, PIQ, Number of
psychiatric conditiongmonotonic), Autism
status, Hyperacusis status (monotonic),
Misophonia status (monotonid¥honophobia
status (monotonic)

SPL (monotonic)

By Subiject: IntercepSPL
(monotonic)

By Sound InterceptSPL
(monotonic), Hyperacusis status
(monotonic), Misophonia status
(monotonic), Phonophobia statu

(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)3ubjec} +
(1 + mofHyperacuss) + moMisophonia) +
mo(Phonophobia) +Autism| Sound)

In the list of fixed and random effects, the effects that are specific to a given model beyond the baseline covarsatesldagaage, performance IQ [PIQ], number
of psychiatricdiagnose) autism status, and the three decreased sound tolerance conditions (hyperacusis, misophonia, and phonophobia) ardplesafted
continuous variables, including outcomes are normalized (to a mean of 0 and standard deviation of 1 in the Eamptepbéfitting in order to allow the priors to
be on a stagtard scale across all models. AC = Air Conduction; LDLs = Loudness Discomfort Levels; MEMRs = middle ear muscle reflexgs; T &Eansient
evoked otoacoustic emissions; CLS = categorical loudness scaldgyye = core discriminant sounds for hyperacu§iBSuiso = core discriminant sounds for
misophonia; AM = Amplitude Modulation; SPL = Sound Pressure Level.




Supplemental TablB.5: Sound and Levelspecific Hyperacusis Group Effects 6DSivp Sound Ratings

Sound SPL bsw [95% Crl] Py P-rore
Laugh 60 0.246[-0.008 0.498] 972 .876
Fountain 60 0.128[-0.123 0.373 .849 .588
Piano 60 0.184[-0.0%5, 0.434 .933 757
Ocean 60 0.125[-0.115 0.384] .838 577
Harp 60 0.196[-0.030, 0.448] .944 .784
Birdsong 60 0.296 [0.037, 0.543] .990 .938
Underwater 60 0.0%[-0.193 0.310] 671 .361
Laugh 70 0.293 [0.038, 0.550] .987 .932
Fountain 70 0.165[-0.086 0.4273 .904 .696
Piano 70 0.231[-0.025 0.477 .965 .847
Ocean 70 0.163 [-0.087 0.423] .898 .685
Harp 70 0.23[-0.014, 0.487] .969 .865
Birdsong 70 0.333 [0.079, 0.594] .995 .962
Underwater 70 0.084[-0.161, 0.38] .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 betweénical hyperacusisind nohyperacusismarginalized over all other DST
covariates (as well as subject) and conditional on the mean of continuous covBhateyion of practical
equivalence (ROPE) is set t®[1, 0.1], andP-ropeindicates the proportion of the posterior distributiotof
exceeding 0.1. Statistically significant effed® ¢ .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 1l: 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 vdtielabout 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 misopHforiaeviews, see Berger at., 2023; Neacsiu et al.,
2022; Salvi et al., 2021, 202X)ut existing theories regarding the neurophysiologic basis of DST have not
been substantiated with sufficient human data to be
The lack of empirical data linking basic neural mechanisms of DSUhjective 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 inmtan 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 tomawvdstargets 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 sounévoked signals from the audlit 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 hyperacusisaars with peripheral hearing daneaghis 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 wrk in model organisms, which compellingly demonstrate that increased central gain is indeed
the mechanism underlying hyperacusis in those systeimskowski, 2019; Salvi et al., 2021; Sheppard et al.,
2020)

Notably, few human studies have measured central gminivo (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; Koopsv&n 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 suppouggest that hyperacusis in rtinnitus

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 gerdétiathg brm 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 neurodevelopmentahditions.

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 iddted 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 outaors lwith 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
involvedin 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 misoplioa i s percei ving a Atriggerad soun
The dominant model of misophonia was proposed by Jastreboff and Jastreboff (2003, 2023) and is
referred to as the HfAneurophysiological model 06 (Jast
individuals with misophonia is not altered, althoughcitsnectivity 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 aulifidig connetivity 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 wthin 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 betwaeditory 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
model 6 addi t i on adhlypgractiveg ipsula doeveys its signal to the amygdala (Kumar et al.,
2017), resulting in the characteristic misophonic emaotional response, as well as to autonomic control areas such
as the periaqueductal gray to produce observed changes in physiotbgyssalterations 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 ngeasure

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 tucW 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 spgocisigned study
protocols is likely to be limited for those with modertdesevere symptoms. Electrophysiologic techniques
(Picton, 2010) such as auditory brainstem responses (AB&sding wavesilVl), middle latency responses
(MLRs; waves Na, Pa, Nb, and PbjPauditory steadystate responses (ASSRs), and lodgency auditory
eventrelated potentials (ERPpredominantly frontocentrally located sensory components P1, N1, and P2, but
also longetlatency cognitive components such as P3a/Bfbr reasonable alternatives to MBased 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 electigicaysiol
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 hyperaamisor 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 componentsudyhigesems 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 t@\lterations in earlier components that primarily reflect encoding of stimulus fegierefN1,
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P2, and MMN; Joos et al., 201dd 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 eotmporthe 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 @bpattents, 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 ERs (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 hyperaaysisp 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 (Yukhnatich e
2024), individuals with hyperacusis demonstrated increased P1 and P2 ERP amplitudes, although ERP latencies
were not examinedlhis most recent study does suggest that sewotted auditory cortical activity could
potentially be increased at a groepel in individuals with hyperacusis (of undetermined/mixed etiologies),
which is consistent with predictions of the central gain m@&eérbach 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 sadeere individuals with hyperacusis do exhibit increased
central auditory gain at the level of the inferior colliculus, as is the case in animal riaetbach et al.,

2019) one would expect a steeper association between stimulus intensity and ABR paraemetergi.e.,

higher amplitudes and shorter latencies with increasing level; Serpanos et al., id98d)jviduals 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 responselévdixstimuli.
Although no studies to dathave formally examined the growth of ABR wave V amplitude or intensity in
individuals with hyperacusis, one study by Hofmeier et al. (2021) fousditidividuals with tinnitus and
hyperacusis had shorter ABR wave V latencies than tinnitatghed [but not normdilearing] controls.
Additionally, Mercati et al. (2017pund that hyperacusis in a population of autistic individuals with specific
genetic mutations and their family members was alssociated 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 groupryfhappei semnsi tcihvildy @ nwhve v |
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 AGSR (Korczak et al., @)
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may be a particularly robust correlate of psychoacoustic loudness growth in both-heamiiad) 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 tded

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; Schroder et al., 2014) and later cognitigcesses related to the evaluative aspects of stimulus
processing (Tenesaca, 2022). Notably, the agigneeption model of misophon{Berger et al., 2023joes
not posit any alterations in sowegtoked activation of primarily unimodal auditory prodegsegions 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 triggirg stimuli (Neacsiu et al., 2022)ould indicate alterations in later icognitivel potentials
such as the P3a, P3b, and late positive potential (LPP), which are putatively generated by these and-other supra
modal structuregFields, 2023; Hajcak & Foti, 2D; Joos et al., 2014; Polich, 201Zhe first ERP study of
misophonia by Schréder 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 responge standard tones, although the misophonia group did demonstrate reduced N1 amplitudes
in response to deviant tones, interpreted by the authors asleMelauditory processing deficit. Another ERP
study by Aryal & Pabhu (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 stud the same research group (Aryal & Prabhu,
2023b) assessed suglaeshold clickevoked ABR latency and reported no meaningful differences in the
latencies of ABR waves |, 1, or V in misophonia. Notably, an unpublished study from a different hesearc
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 moderdgtesevere misphonia, 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 #fAsociald or fAmechanical 0) . ardemNLi vi dual ¢
responses and aversiveness ratings to sounds paired
the electrophysiologic literature on misophonia to date is sparse and conflicting, although several of the small
studies that have beeonducted 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 separatelydidasot 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 isssdst p
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 nautistic 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 aseglitand 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 ab@@4qWwilliams,
Suzman, et al., 2021b). Thus, casatrol differences between autistic and raumtistic individuals are not
likely to isolate (or necessarily represent) the correlates of [ Ee 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 thos
without the conditionThabet & Zaghloul, 2013)Unfortunately, such investigations that factorially analyze
autism andDST 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!skism
differences in electrophysiologic indices reflebe effects of autism, secondary DST disorders, or some
combination of the two. Lastly, in addition to hyperacusis and misophonia, the third DST disorder of
phonophobigHenry et al., 2022; Jacquemin et al., 20243 been insufficiently studied relatiwedther 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 largeale transdiagnostic electrophysiological investigation of a
deeplyphenotyped cohort of autisticandna ut i sti ¢ adults. The studyds ai ms
the differential associations of hyperacusis, misophonia, and phonophobia with altered functioning of the

auditory brainstem or cortex, as indexed by auditory brainstem responses (ABBR#)ry steadgtate
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responses (ASSRs), and cortical auditory evelsted 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 electrophysiologicaldediand other related constructs such as psychoacoustic loudness
growth and seifeported 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) increase8R\power, (d) increasdbntocentral N1
[N1b] amplitudes, and (d) decreased N1b latencies compared to individuals without hyperacusis. Additionally,
the slopes of all electrophysiological amplituttgensity growth functions and latenaytensity growth
functions(i.e., thewithin-person associations of each ABR/ASSR/N1b parameter with stimulus injevesigy
hypothesized to bsteeperin 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 measurdeudhess disturbance and sedported
hyperacusis symptonia our dimensional analyse®Vith regard to misophonia, weddnot hypothesize any
specific alterations immplitudes or latencies of ABR wave V or the N1b ERP. However, we did expect
individuals with misophonia to demonstrate alteratioc
increased amplitudes of the P3a in response to trigger sounds rédatiaividuals without misophonia.

Autism status was hypothesized to be related to (a) significantly prolonged ABR wave V latencies and (b)
significantly reduced fixedevel ASSR power, irrespective of an mdi dual 6 s DST status.
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 enof the electrophysiologic tests in the study battery and were included
in the current study, with one additional individual {a8arold autistic female with clinical hyperacusis and
misophonia) excluded from this particular study due to a history wfdrtobe epilepsy. Thus, the final sample
included 33 autistic and 80 nautistic adultsinclusion criteria for the present studsere the same as those
in Chapter 5 andhcluded: (a) age betweeni¥® years; (b) fluency in speaking and reading English; (c) being
oneds own | egal g usaaledQgeater thap @0 pehk WechstergAbkaevidted Sdales of
Intelligencé Second Edition (WASI | ; Wechsl er, 2011); and (e) having p
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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 HughseWestlake procedure; American Speé@nguageHearing Association, 2005).
Participants were excluded from the study ifyth@) 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 actoleoalsobstance

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 ScreeningIDe@AST-10; Cocco &

Carey, 1998), or met criterfar 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 \WASIr (d) demonstrated clinically
significant outer/middle ear pathology (i.e., evidence of grds®omnalities 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 betwiegd0R50

Hz in the affecteaar).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 visiisis 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 principlesairtlihe 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 aspectstgfsical and mental health. They then completegi ig-person
visits to our laboratory consisting of clinical characterization, audiological and psychoacoustic testing,
assessments of peripheral auditory physiology, and the electrophysiologic measusdls libahe focus of
the current chapter (cliekvoked ABRs, 4Hz ASSRs, and cortical ERPs). A more detailed description of
each task can be found in the corresponding sections below. Participants took approxin2abeiyrg to
complete the online surveyand 712 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
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(WASI-Il; Wechsler, 2011) as a measure of general cognitive ability, and separate verbal IQ (VIQ) and
performance 1Q (PIQ) standard scores (M=100, SD=15) from the WWA&re utilized in our analyses. We

also administered the Receptive Gmerd Picture Veabulary Testt (ROWPVT4; Martin & Brownell,

2011b) and Expressive Omeord Picture Vocabulary Tedt (EOWPVT4; Martin & Brownell, 2011a), and

standard scores on these measures were used to characterize individual differences in receptive and expressive
vocabulary, respectivelyCo-occurring psychopathology was assesssthg 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 reseangdiable administration of the Autism Diagnostic Observation Schédule
Second Edition, Module 4 (ADQGS; Lord et al., 2012) by a clinical psychologist Spézing in the assessment

of neurodevelopmental disabilities across the lifespeimal psychiatric diagnostic formulation was assigned

to each participant by the first author, based on t
based psychiatric interview.

We derived several indices from these clinical measures to include as covariates in our regression
model s. A ALanguage Composi t 4l V¥VIQROWPVE-4 arel EOWPYAmed fr on
standard scores using principal component analysis, with compsoares on the first (unrotated) principal
component being used to operationalize this variable within the sample. We used thdl WigS$standard
score in regression analyses as a measure of nonverbal cognitive ability. We further calculated thefnumber
psychiatric/neurodevelopmental diagnoses for which each individual met criteria based on the full clinical
evaluation (including all DARIbased diagnoses, chronic tic disorders, and autidon43, IQR=[1,4], range
0/ 9]). All other nonDST 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 semstructured clinical interview for DST disorders (ileyperacusis [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 progresseSSS was used in the presentstudy ma k e beStedtimatei c a |
di agnoseso of these four DST conditions according tc

Chapters 4 and 5 (s&eipplemental Tables 4.8.9for full criteria and operationalization). In the present study,

the DI SSS was used to classify all individual s as ei

categories: (a) hyperacusis (represengiigerloudness 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 DI&&#ed variable (hyperacusis status, misophonia status,
phonophobia status) was treated as aisp ordinal predictor (Burkner & Charpentier, 2020) with three levels

(Ano disordero < fAsubclinicald < ficlinicaldo) in all

6.2.3.3 Multidimensional Inventory of Sound Tolerance in Adults (MIST-A)

The Multidimensional Inventory of Sound Tolerance in Adults (MIETWilliams, Cascio, et al.,
2021) is a 2étem selfreport questionnaire designed by our research group to dimensionally assess four
dimensions of DST symptomatology (hyperacusis, misophqain, 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 psychomatianvalid
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 thdifoenmsional structure
of the measure, demonstratedsty singletest and testetest 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 rantistic adults). Th&IST-A is scored using item response theory,

and an online scoring todhttps://asdmeasures.shinyapps.io/MISTA_sgosais utilized to generate moeel

based (expected posterior) T-scores 1=50, SD=10 in the general population) and empirical sirglbject
reliability values (xx) for each of the four subscales used in the current study.

Each participant completed the MISVas a part of their online questionnaire battery, and 94 of the
participants completed the measure a second time during their figetson visit to the laboratory. Scores
from one administration of the MISA (the cbsest in time to the first laboratory visit available for each
participant) were utilized in the present study, anscdres from each subscale were used as dimensional
measures of each domain of DST symptoms. The MASJubscales demonstrated acceptabkrginal
reliabilities in the current laboratory sample (Hyperacugis:850, Misophonia:xk=.827, Pain:&=.720, Fear:
r«=.687), although the Fear scale had a reliability point estimate that was somewhat lower than desired (median

Fearm,=.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) describedlie pt h i n Chapter 5, with individual
categorical units (CU) to sones (&4l using the table published by Heeren et al. (2013) and subsequently fit
to a persosspecific loudness growth function [log(Gédd regressed on median SPL of stimuli given that

ratingl]. This function was used to deriviEgClUndividua
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AMedi umd (25 CU), and ALoudodo (35 CU) ratings for ea
electrophysiologic tasks (ABRs, ASSRs, and cortical ERPs). Theb@k&d loudness growth slopes for the

four tone stimuli (500 Hz pure tone, 2000 Hz ptaree, 500 Hz amplitude modulated (AM) tone, 2000 Hz AM

tone), derived pogtoc using Bayesian hierarchical models (seetion 5.6.1for additional detail on

calculation), were averaged together in the current study to provide an overall index of psystiobmudness

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 us 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 papénts who were able to tolerate it), as well as participapte c i f i ¢ A Sof t
(M=68.35,SD=7. 90 dB peSPM384.04,5Melddi. B0 d(B pe SPIMF9251and ALot
SD=12.26 dB peSPL) levels derived from the estimated levels of thedétied click loudnestensity
function. All ABR data were acquired using an Intelligent Hearing Systems Universal Smart Box (USB;
Intelligent Hearing Systems, Miami, FL, USA) and Sre&tsoftware (Intelligent Hearing Systems, Miami,
FL, USA) coupled to ERBA insert earphones inside a sodrehted boothClicks were delivered in blocks of
2000 trials (two at each Il evel; i.e., gpdinewiththdirt est o a
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 anechawoel montage (Channel
A: C,to As; Channel BC, to As; ground:Fp;, using international 10 system electrode position references).
Electrode impedances were maintained below B8V khroughout the duration of testing.
El ectroencephal ographic (EEG) activity was sampled a
built-in amplifier, highpass filtered at 36iz (4" order Butterworth;6dB/Oct), lowpass filtered at 308z (4"
order Butterworth;6 dB/Oct) and notch filtered at 60 Hz (twole,-12 dB/Oct). A 25.575 ms total window,
including 13.675ms of prestimulus activity, was used for analyses. Artifact rejection limits were set to 31%
of the baseline voltage range (¥3%1V), and channedpecific ABR tracings for a given block were computed
as the unweighted average of all retifactcontaining trials within that blockM=1955.11,SD=208.22).
Tracings from Channels A and B were then averaged to compute an overalssinglet ABR tracing for a
specific block.
Each blockspecific ABR tracing was detrended, and the latency of ABR Wave V was selected using

an automated peghkicking algorithm designed by and optimized for this dataset by the first author (see
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Supplemental Methods section 6.6t 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
| atencyNO.1 ms) after Winsorization loWertmhthepeai| t age v
amplitude value in the region; this adaptive mean amplitude was further baseline corrected by subtracting the
voltage value at 0 ms pestimulus. These parameters were chosen based on assalalimitiverse analysis
(Clayson, 2024) of the first 42 participants, in which the various ABR analysis choices were varied to optimize
the testretest reliability of the peak latency and amplitude values. In the full sample, both ABR Wave V
latencies (ICC(A,2)7973, Cbsy [.968, .978]) and Wave V amplitudes (ICC(A,2)=.878¢5%I[.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 fa@istency 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 amplitudetensity growth slopes and ABR Wave V latenatensity growth
slopes, defined as the with#ubject linear associatiopetween 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 slepes, the

metrics were calculated using Bayesian hierarchical regression modeBSufg@emental Methods section

6.6.2for additional details). Notably, ABR Wave V amplitude and latency growth slopes had opposite signs,
such that more positive amplitude growth sl opes i nc
whereas more negative latency growth slopes ihdead fist eeper 06 | oudness/intensit
the inversion of the lateneptensity function compared to the ampliteidéensity furction.

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 amplitudimtensity and latencintensiyy 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 megmalyses (Miron et al., 2018; Talge et al., 2018). ABR wave V parssnsére

hypothesized to be equivalent between groups based on misophonia and phonophobia status.

6.2.4.2 Auditory Steady-state Responses

Auditory steadystate responses (ASSRs) were elicited using repeated binaural tone stimuli consisting
of a 2000 Hz carrier modulated at 40 Hz (1s duration; 100% modulation deptis B68e and fall time), an
identical stimulus to that used in the CLS tafke levels presented included a fixed level of 60 dB SPL

(presented to all participants), as well as particigapte c i f iM=62MBIDE8 03 % dB SPL) , i Med
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(M=80.40,SD=10. 07 dB SPLVM=90.733D0.90 ldB $Pt)deve(s derived from the estimated
levels of the CLSlerived 2000 Hz AM tone loudnesgensity function. ASSR data were acquired using the
same Intelligent Hearing Systems Universal Smart Box that delivered the ABR clicks (in this casg runni
SmartERPASSR software; Intelligent Hearing Systems, Miami, FL, USA), coupled t@&sert earphones

inside a soundireated booth. The recording electrodes and electrode montage were the samdashsed
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 sultkes activated). An ASSR recording block was terminated before 400 trials if the
residual noise of both channels A and B fell below 0.7 pV 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 agtiwias amplified 100,000 times, amplified 100,000
ti mes usi ng -indmplifiey Bighpass filkered dt 881z (4" order Butterworth-6dB/Oct), and
low-pass filtered at 30Blz (4" order Butterworth;6 dB/Oct). Artifact rejection limits were s&t 31%, and
channelspecific ASSR tracings for a given block were computed as the unweighted average chaiifack
containing trials within that block{=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 thiedraency
data to the frequency domain, (b) interpolating the ASSR power values between frequie3&id2 Hz with
a step size of 0.05 Hz (using equation 4 from Lyons, 2018), and (c) calculating the robust mean power in the
38142 Hz region by taking the mean of all interpol at e
median absolute deviatis lower than the peak power value in the region. Processing parameters were again
drawn from a smaldscale multiverse study using the first 44 participants and maximizingetest reliability
in the subset of these participants who completed twoblock f ASSR recordings O1 dB Si
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 ej&SkRgdower 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 povirensity growth slope similar to the ABR Wave V amplitidinsity

growth slope was also calcudatusing a Bayesian hierarchical model Sepplemental Methods section 6.6.2

for more details) as a putative neural index of loudness growth (Van Eeckhoutte et al., 2016, 2018). Notably,
the interchannel reliability of mean ASSR amplitudes calculatethgushis method was extremely high
(ICC(A,2)=.964, Cise, [.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

262



intensity growth slopes, compared to individuals without hyperacusis. Notably, several previous studies found
reduced 40 Hz ASSR power in autistic individuals relative to-antistic controls (Arutiunian et al., 2023;
Seymour et al.,, 2020; T. W. Wilson at., 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 slopé] Weueduced 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 altough we did not have am 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 tinnitespecific effect. Both ASSR othmes 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 evenelated potential parameters relevant to both hyperacusis and misophonia simultaneously
using EEG. In this task, participants satigipt in an electricallyshielded and sourleated 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 throRgB¥Einsert 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 enveldpat was somewhat similar to the chewing sound without triggering
individuals with misophonia]). All stimuli were one second in duration wittim&0rise and fall time, and all
deviants were presented at a level of 60 dB SPL througBARsert earphone&tandards were presented at
four equiprobable I evels within each block (20% fi xe€
20% ALoudo) , wi t WM=57.67eSD=8.51odB SRL; 2000 BIB=5%39,SD=8.31 dB SPL),
AMedi umo M=BOPSDFHS3 dB SPL; 2000 HM=77.65,SD=10. 14 dB SPL), and

=14
—

Hz: M=87.16,SD=10.97 dB SPL; 2000 Ha1=87.53,SD=12.25 dB SPL) levels derived from the estimated
levels of the CLSlerived 500 Hz and 2000 Hz tone loudnagensity functions, based aheir frequency. A
7001 1300 ms uniformly jittered interstimulus interval followed each standard or deviant. In total, the oddball

task included eight blocks, two of each stanedgdiant pair (i.e., 500 Hz Standard + Chewing Deviant x 2;
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500 Hz Standard + White Noise Deviant x 2; 2000 Hz Standard + Chewing Deviant x 2; and 2000 Hz Standard
+ White Noise Deviant x 2), which were pseudndomized such that one of each block would occur before

any were repeated. The full task lasted appratihy 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 wieamoon the participants who

did pause or how many times this occurred.

6.2.4.3.2EEG Data Acquisition and Processing

EEG data were acquired without online filters during the auditory oddball task at 1000 Hz using a
128-channel Hydr@el Geodesic Sensor Net (Magstim EGI, Eugene, OR, USA). Electrode impedances were
brought to 50 Wor below for all functional channels prior to the start of testing. All electrodes were referred
to Cz during recording and later-referenced offline to an average reference. Data were recorded using
NetStation 5.4 software and a NetAmps 400 amplifigychoPy (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 (LopeZalderon & Luck, 2014) toolboxes. Continuous EEG data were downsampled to
250 Hz and prgrocessed using the Automagic EEG processing pipeliedrdRi et al., 2019) and the preset
processing specifications (i.e., exclusion of chana8|49, 56, 63, 68, 73, 81, 88, 94, 99, 107, &h8i119
prior to preprocessing) for a 128hannel HydrocCel Geodesic Sensor Net.. Full specifications of thiggipe

can be found irfBupplemental Table 6.5n brief, this pipeline first ran the data through the PREP pipeline

(Bigdely-Shamlo et al., 2015), subsequently utilizing additional varidoased criteria to detect bad channels
(afterwards interpolated using spherical splines; Perrin et al., 1988porary higkpass filter with a 2 Hz

cutoff was applied, and independent component analysis was conducted that utilized ICLabEbRimini

et al., 2019) to classify all observed components by potential so@ |, and components with
chance of noiborain source were excluded. The remaining independent components were reassembled into
continuous EEG (now without the temporary hjgss filter or interpolated channels), and additional filtering

was wndertaken using a 0.1 Hz higiass filter and 30 Hz loyass 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 spliterpolation was used once again to interpolate bad channels.
Following preprocessing, each file was-referenced to the average of all included channels, baseline
corrected using the average microvolt value in-8® 0 ms prestimulus interval, and segented into epochs

of -300 ms prestimulus to 1000 ms postimulus. Additional epoctevel artifact detection was performed

using ERPLABbased techniques (absolute amplitude threshold, moving windowt@@alak threshold, step
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function, flat line; Luck, 2022; se8upplemental Methods section 6.6at 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 r{=9). Artifactfree epochs in each blociM€£56.90, SD=16.07; range of singlsubject average
retained trials per block: 26.788.70) were averaged for each channel separately, andstliéng single

subject average tracings for each cell (channel by condition) were fed forward into subsequent analyses.

6.2.4.3.3Temporospatial Exploratory Factor Analysis

To further decompose the data into its underlying ERPs while leveraging theldrigity
electrode array, we conducted a temporospatial exploratory factor analysis (EFA), a more general case of
(temporospatial) principal component analysis (PCA; Dien228tharf et al., 2022), which is frequently used
as a dataeduction technique in the everfated potential literature. Notably, EFA models differ from PCA
models only by the addition of an error variance term, and thus, given the high communatitieseeft 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 theoreticdaalignment with the concept of unobserved latent variables (i.e., ERP
components) underlying observed data (Borsboom, 2006). E&s"conducted using a twstep procedure
consisting of an initial temporal EFA (tEFA) stefilizing promax rotatiorf @ = 3 drickdan & White, 1964)
followed by a subsequespatial EFA (SEFA) steptilizing infomax rotationBell & 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
beforespatial ordering and specific rotations chosersfotulated 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 bentidfetial
distributions to be more easily-@envoluted. 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 generater(Naatanen & 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. SimilaemporospatialPCA-based techniquesatie also been used
successfully to study different N1 subcomponents incimical populations (Silva et al., 2020).

The twostep 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 combinationpafticipant, study condition, and channel were subjected to
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covariancebased EFA with ordinafeasts quar es extraction and promax rotat
1964). The number of factors extracted in this step was selected using covhdaedgarallel analysis (Horn,

1965) with 500 replications. Regrémsbased (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 covaribased EFA wh ordinaryleastsquares

extraction, infomax rotation (Bell & Sejnowski, 1995), and the number of factors chosen by covhaaade

parallel analysis. Factors were normalized by their standard deviation before the rotation step of both the tEFA

and sEFApefore being wmormalized after rotation.

6.2.4.3.4ERP 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) componenidbet 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 thtapotéevance 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 hawepriorihy pot heses about this componentéds
before beginning our analyses, it is notable that the putative generators of the LPP/PSW include the amygdala,
orbitofrontal cortices, and insu{¥. Liu et al., 2012) brain regions that have been implicated in misophonia
(Neacsiu et al., 2022) and are thoughtbe 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
approximate scalp topography based on the pattern of electrodes with loadings greater tGupplddéntal
Figure 6.9. 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 morpBolopiehental
Figure 6.6. These were then confirmed to be maximal in the expected scalp regioedéntral 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.
Utilizingotéeptialro virtual el ectrode (with highest
calculation and the three Atemporoparietal o6 virtual
of midline parietal electrodes surrounding Rl &vo lateral clusters with highest loadings to the left and right

of this clusterSupplemental Figure 6.60 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 thessinjglet
tracings and selecting a window that would capture the peak in all cases. Time windows for the peaks selected
using this method were #060 ms for the N1b, 26@80 ms for the P3a, and 50000 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 deterh@ned as t
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 amplitudies 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, mdige, and chewing conditions).
We additionally calculated N1b amplitudtgensity and latencintensity growth slopes using Bayesian

hierarchical regression models (s&epplemental Methods section 6.6.2 falditional details) as putative

neural indices of loudness growth. Notably, the sign of the N1b amplitteiesity 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 stdéperamplitudeintensity and latencintensity growth
slopes, compared to individuals without hyperacusis. Given the inconsisterdamagttc findings for the N1b
ERP in autistic individuals across studies (Williams, Abdelmessih, et al., 2021), we tiaviecnya 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 predictedeimonstrate a significant main effect of condition (driven
by differences between both deviant conditions and the standard [tone] condition), as well as a significant
misophonia x Chewing condition interaction (with or without an additiomain effect of misophonia and/or
mi sophonia I White noise condition interaction). Thi
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). Basedamaiytta
evidence (Cui et al., 2017), we hypothesizhat P3a amplitudes would be equivalent between autistic and
nonautistic 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 thedPS¥dnducted in a purely

exploratory manner, as no hypotheses were formulated at the time that data analyses had begun. Nevertheless,
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this componentds putative generators and its role

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 da&td{l). 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 dioyh, language composite, WASI 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 leggbimeek]), (d) DST
status (hyperacusis, misophonia, and phonophobia) derived from the DISSSefteteronotonic variables;
Burkner & Charpentier, 2020), and (e) additional outcapecific covariates that varied according to the
model (e.g., experiméal condition for P3a amplitude or tone frequency for N1b amplitudeSgpplemental
Table 6.6for full model specification). Interaction terms (primarily autism x DST status, as well as additional
interactions of group status and condition variableseveetded to the models as needed to test additional
ancillary hypotheses. Only one autism x DST interaction was tested for the majority of models, with the
interaction term chosea priori based on prior literature suggesting a possible association between that
outcome and a certain form of DST (autism x hyperacusis was chosen for all models except P3a amplitude [for
which autism x misophonia was chosen], PSW amplitude [for which autismsophonia was chosen], and
ABR wave V latency [for which the autismmisophonia term was examined pbst in addition to autism x
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 diffeceres on these measures
(DST group effects), (b) to determine whether autistic andangistic individuals exhibit different scores on
these measures, independently of DST status (autism group effects), and (c) to determine whether autistic and
nonauistic 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 ¢hateunit change indicated the difference between clinically
significant DST and no DST, and all continuous variables were standariz€dD=1 in the sample) prior
to fitting.

These models were fit in a flexible Bayesian framework usinditimsR package (Burkner, 2017),
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withstudertt] i kel i hoods employed to increase the model sd r ¢
Markov chain Monte Carlo (MCMC) specifications, and Bayesian indices used to judge effect significance

were the same as those used in Chaptegbrvalues were tested for significance using a point null hypothesis

of 0 and a region of practical equivalence (ROPE; Kruschke, 2018).&f D.1]. Probability of directiorPg)

values >.975 indicated a statistically significant effect. Additionally, values of the ROPE BayesB&atsir(

>3 indicated an effect that was practically significant, valugsFabre< 1/3 indicated statistically equivalent

parameters, and values between 1/3 and 3 indicated weak and inconclusive evidence for one loxmothesis

the other based on standard guidelines (Wagenmakers et al., 2011). The posterior probability of an effect
exceeding the ROPEP{roprE i . e., the probability of a Apracticall
contextualize the significance of each effect further. As mentioned previously, although we continue to
categorize effects as fsi geassitfintieaurrendstudyr welsowiew tiseseg ni f i ¢
categorizations as less rigid than many other researchers, with argrffaitt made to holistically evaluate

statistical evidence from multiple indices (including the full posterior distribution of effect sinelsihe
concordance of an effectds sriatehearndt hmeang ns it mplley wji u dg

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 Bayesiatsbapped 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 Ghémter
acquisition procedure and calculation); (c) mean -@e8ved loudness growth slope (averaged across the four
tone stimuli); (d) fixedevel ABR wave V amplitude and latency (averaged across test and retest trials); (e)
ABR wave V amplitude and latepgrowth slopes; (f) fixedevel ASSR power (averaged across channels);
(g) ASSR growth slope; (h) fixelgvel N1b amplitude and latency to standard stimuli (averaged across
frequency conditions); (i) N1b amplitude and latency growth slopes (averaged fiempsency 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 resgles), using the method described by Rodriguez and Williams (2022), implemented
by the first author in theor.bayesboofunction within ZPack.BayegqWilliams, 2024). Posterior mean
correlations were used as point estimates, with 95% higleestity credible intervals (Crls) used to

characterized uncertainty. T (based ongg=0) was used to quantify significance, and valueBsf975
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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 hyperaamiseTof the MISTA, loudness
discomfort levels, CLS scores, and elechygiological indices of loudness growth (ABR/N1b loudness
growth slopes). Additionally, we further hypothesized that any significant DST group differences observed
with the DISSShased categories would replicate using the corresponding-¥ISibscale in @imensional

analysis.

6.3 Results

Demographics of the full sample, as well as the sample with usable ERP data, can beTabheddrl Similar

to the previous study utilizing this sample, participants spanned the full range of eligible Bg@sd8rs;
M=33.04,SD=9.92), and the sample predominantly identified as-Hi@panic White (71.7%), cisgender
women (69.9%), and wedducated (75.2% graduated from a fgaar college; 43.4% with at least some
graduate school). The mean fattale 1Q was slightly above aveea@VASHII FSIQ-4: M=116.58,SD=11.18,

range 78141), and mean receptive and expressive vocabulary were in the high average and mreyage
respectively (ROWPVH: M=111.38,SD=14.67, MinMax=78 146; EOWPVT4: M=104.50,SD=13.16,
Min-Max=75 133). Psychiatric and neurodevelopmental conditions were also common (median=3;,4QR=1
total psychiatric/neurodevelopmental diagnoses), with lifetime major depressive diserd2r[65.4%)]),
generalized anxiety disordar=52 [46.0%]), ADHD (=43 [38.1%)]), social anxiety disorder40[35.3%]),

and autism ri=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 constanitus 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 morehpsipopic/centrally active medications at

the time of the study, of which selective serotonin reuptake inhibite25(]22.1%)]; inclusive of vortioxetine

and vilazodone) and psychostimulamsi3 [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 clinicalgnificant DST disorder. Clinically significant
hyperacusis was present in 44 individuals (38. 9%;
with subclinical pain]; 26 autistic), with subclinical hyperacusis present in an additional 206(1%77
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 28lividuals (24.8%; 16 autistic), with subclinical phonophobia present in an
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Table6.1: Demographic and Clinical Characteristics of Electrophysiology and Eetted Potential (ERP) Samples

Full Sample ERP Subsample Full Sample ERP Subsample
(n=113) (n=101) (n=113) (n=101)
Age (Years) 33.04 (9.92) 33.15 (10.05) Cognitive and language scores

Sex

Male

Female
Gender minority
Hispanic/Latincethnicity
Race

American Indian/Alaska Native

Asian
Black

Middle Eastern/North African

Pacific Islander
White
Other race

Highest level of education
High school diploma/GED
Some college
Associate degree
Bachelor's degree

Some graduate/professional schoc

Master's degree
Doctorate degree

29 (25.7%)
84 (74.3%)
6 (5.31%)
10 (8.4%)

4 (3.4%)
12 (10.1%)
6 (5.0%)

2 (1.7%)
0 (0.0%)
102 (85.7%)
1 (0.8%)

10 (8.9%)
15 (13.3%)
3 (2.7%)
36 (31.9%)
13 (11.5%)
27 (23.9%)
9 (8.0%)

28 (27.7%)

73 (72.3%)
5 (4.95%)
9 (8.9%)

4 (4.0%)
9 (8.9%)
6 (5.9%)
2 (2.0%)
0 (0.0%)
87 (86.1%)
1 (1.0%)

10 (9.9%)
13 (12.9%)
3 (3.0%)
34 (33.7%)
13 (12.9%)
21 (20.8%)
7 (6.9%)

Verbal 1Q

Performance 1Q

Full-scale 1Q

Receptive language

Expressive language
Psychiatric history

Number of diagnoses

Autism

ADHD

Any anxiety disorder (current)

Lifetime mood disorder

Psychotropic medication use
Hearing and DST variables

Tinnitus

Hearing loss

Subclinical hyperacusis

Clinical hyperacusis

Subclinical misophonia

Clinical misophonia

Subclinical phonophobia

Clinical phonophobia

118.81 (13.19)
110.35 (12.12)
116.58 (11.18)
111.38 (14.67)
104.50 (13.16)

2.91 (2.23)
33 (29.2%)
43 (38.1%)
70 (61.9%)
76 (67.3%)
54 (47.8%)

29 (25.7%)
22 (19.5%)
20 (17.7%)
44 (38.9%)
27 (23.9%)
37 (32.7%)
7 (6.19%)
28 (24.8%)

118.41 (13.16)
110.50 (11.80)
116.45 (11.09)
111.63 (14.49)
104.90 (12.88)

2.89 (2.22)
30 (29.7%)
37 (36.6%)
65 (64.4%)
67 (66.3%)
47 (46.5%)

24 (23.8%)
22 (21.8%)
18 (17.8%)
40 (39.6%)
26 (25.7%)
32 (31.7%)
7 (6.93%)
23 (22.8%)

Values are presented Bis(SD) for continuous variables am(%) for categorical variables. Percentages reflect the percentage-ofisging values. All

psychiatric diagnoses are basedasemistructured psychiatric interview scaffoldedthye Diagnostic Assessment Research Tool (DART). 1Q = Intelligence
Quotient; ADHD = attentiodeficit/hyperactivity disorder; DST = decreased sound tolerance. No significant differences in demographic or clinikzd variab
were observed between individualith and witout 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 clinicallysignificant 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 bothyeracusis and misophonia, eight individuals with clinically
significant misophonia (3 autistic) also demonstrated subclinical hyperacusis, and only five of the individuals
in the misoonia group (all nofautistic) demonstrated no hyperacusis at all. As in the Chapter 5 sample,
phonophobia almost always -cacurred with other DST disorders, with all but two of the individuals
diagnosed with phonophobia using the DISSS also demonstaafiggst 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 fotiablén6.2 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
(BFrore=0.343 0.543; Table 6.2. We additionally replicated the known associati@iienrad-Martin et al.,
2012) between older age and reduced wave V amplitubesg={0.235, Crésy [-0.413,-0.054], P4=.995,
BFrore=5.02, P-rope=.929). No other covariates were significant, and a supplemental model including a
hyperacusis x autism interaction suggested that this interaction was not statistically sigrifga®i036,
Crlgsy [-0.778, 0.908]Py=.534,BFrope= 0.378,P-rope=.444).

Fixedlevel ABR wave V latencies were also significantly associated with oldertage0(270,
Crlgsy, [0.101, 0.430],Pg=.999, BFrope= 7.40,Psrope=.976) as well as male selys{=0.746, Crése, [0.389,
1.104], Pg>.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
(BFrore=0.283), misophonia status was associated with prolonged ABR latencies to a practically significant
degree fsi=0.511, Crése [0.091, 0.955]Ps=.990, BFrore= 3.13,P-rope=.970; Figure 6.). Notably, ABR
wave V latencies were statistically equivalent across groups based on phonophobiBBtatgs(.210), and
neither effects ofutism nor chronic tinnitus were found to be statistically significant despite not surpassing
the equivalence threshol®Krore=0.583 0.808; Table 6.2. No other covariates were significant, and a
supplemental model including a hyperacu®autism interaction suggested that this interaction was not

statistically significantl{si=0.232, Crdsy [-0.566, 1.043]Ps=.715,BFrope= 0.441,P-rope=.627). A posthoc
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Table6.2: Focal ModelParameters and Indices of Effect Significance for Auditory Brainstem Responses
(ABRs) and Auditory Steadgtate Responses (ASSRs)

‘ bstd [95% Crl] Pg BFrore Psrore
ABR Wave V Amplitude (Fixed Level)
Hyperacusis -0.184 F0.715, 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 (FixedLevel)
Hyperacusis -0.201 F0.665, 0.272] 0.801 0.283 0.663
Misophonia 0.511 [0.091, 0.955] 0.990 3.13 0.970
Phonophobia -0.131 F0.580, 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 F0.850,-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 F0.560, 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 significaBt ¢ 0.975) are bolded, whereas contrasts that are practically equivalent to
zeroBFroreO 1/ 3 based on a regi on o001, 0pl]) aepreseatedlinit@icsu i val ence
Interactions between autism and hyperacusis or misophonia are not included in the table but were not significant in

any casePy = probability of directionBFrore= ROPE Bayes factoP-rope = probability of effect exceeding the

ROPE.
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Figure6.1: Auditory Brainstem Response Parameters Associated with Multiple Discrete Decreased Sound Tolerance Disorders
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interaction between autisamd 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 norsignificant Psw=-0.035, Crésy [-0.787, 0.702]P4=.536,BFrope= 0.334,Ps>rope=.430).

ABR wave V amplitude growth slopes were found to have significant negative associations with both
older agelfsi=-0.181, Crse, [-0.328,-0.029],P4=.991,BFrope=1.14,P-rope=.857) and male seké~-0.377,
Crlgsy, [-0.689,-0.027], P4=.986,BFrope=3.61, Psrope=.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 supplenmo@é¢l including a
hyperacusis x autism interaction suggested that this interaction was also not statistically signific@ra44,
Crlgsy [-0.641, 0.865]P4=.604, BFrope=0.344, Psrope=.494). When examining the ABR wave V latency
growth slope, this slope was also significantly more negative with olderbage-@.236, Crbsy, [-0.377,-
0.094],Ps>.999, BFrope= 6.15,P-rope=.969), although notably this would indicate a steepening of the slope
as opposed to the age effect on waveandplitude growth. Supporting our hypothesis, hyperacusis was
associated with statistically (albeit not practically) steeper wave V latency ghoswth@.417, Crése[-0.850,
-0.009], P4=.975, BFrope=1.30, P>rope=.930; Figure 6.1F. The effects of autism, chronic tinnitus, and
phonophobia on this outcome were all equival®&Hr6pe<0.277;Table 6.2, and the effect of misophonia
status was not statistically significaBHzore=0.354). Notably, there was one extreme outlier on this variable
in the clinical hyperacusis group-&ore of-6.71), which we verified with a visual inspection and kand
scoring of ABR waveforms to genuinely demonstrate thisekegf latency growth with increasing intensity.
Because the effect was on the borderline of statistical significance, removal of the outlier did render it non
significant ps=-0.381, Crése, [-0.809, 0.027]P4=.963, BFrope=0.986,P-rope=.906), but it is important to
note that the posterior median effect size attenuated by only 8.6%, andaih@P-ropeindices 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 x hyperacusis interaction
tested in a sepate model was not statistically significaris=-0.294, Crése, [-1.028, 0.472],P4=.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 Ksi=-0.341, Crésy [-0.704, 0.028]P¢=.966,BFrope= 1.90,P-rope=.902). However, fixedevel
ASSR power was equivalent acrdggeracusis, misophonia, and phonophobia groBpsdpe<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 begs-0.249, Crsy [-0.662, 0.166],
P¢=.881,BFrope= 0.796 P-rope=.759). Notably, individuals with chronic tinnitus also demonstrated a marginal
increase in fixed level ASSR powdrs(=0.332, Crése,[-0.064, 0.744]P4=.949,BFrope= 1.46,Ps>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 x
hyperacusis interactioiested in a separate model was also not statistically significamt-0.047, Créso [-

0.848, 0.795], P4=.544, BFrope=0.376, P-rope=.450). ASSR poweintensity growth slopes similarly
demonstrated a significant negative association with male sex, with this association being both statistically and
practically significant Wsi=-0.368, Crése [-0.700, -0.049], Py=.986, BFrop= 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
(BFrore=0.366). Notably, similar to the effect seen with fixed ASSR power, chronic tinnitus was associated
with marginally increased ASSR growth slopesi£0.361, Crisy [-0.017, 0.736]P¢=.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 x hyperacusis
interaction was tested in a separate moilelas inconclusive and not statistically significab{0.383,

Cr|95% [-0376, 1128] Pd: 842,B FROPEZO.611,P>R0PE:.772).

6.3.1.3 N1b Eventrelated Potentials

Fixedlevel (60 dB SPL)tandard 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 tonbs0.574, Crdsy, [0.403, 0.745]P¢>.999, BFrope=1.41x106,
P-rore>.999). However, N1b amplitudes were equivalent across groups based on autism, hyperacusis,
misophonia, and phonophobia statBfH{ope<0.308;Table 6.3, and no significant differences were found in
N1b amplitudes across groups based on chronic tindBesfe=0.349). No other covariates were significant,
and when an autism x hyperacusis interaction was tested in a separate model, it was also not statistically
significant ps«=-0.074, Crése [-0.846, 0.710]Ps=.572, BFrope=0.355,P-rope=.475). N1b latencies at the
same fixed level of 60 dB SPL were notably equivalent across frequebgig.052, Crése,[-0.099, 0.226],
Pq¢=.750,BFrore=0.083,P-rope=.285), although they were significantly associated with number of psychiatric
diagnoses (effect per additional diagnodisi=0.119, Crdse [0.013, 0.245],Ps=.989, BFrope=0.328,
P-rope=.638). When examining the focal model parameters, N1b latencies demonstrated a very strong

associatiorwith hyperacusis status, such that individuals with hyperacusis had substantially faster N1b ERP
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latencies fsiw=-1.115, Crése [-1.593,-0.670], P4>.999, BFrope=1228, P>rope>.999; Figure 6.2A C). Fixed

level N1b latencies were equivalent across groups based on misophonia and phonBghekia((195;
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Figure6.2: Associations between Hyperacusis Status and N1b Eegkated Potential Latencies
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Table6.3: Focal Model Parameters and Indices of Effect Significance for Eeéied Potential Outcomes

| bstd [95% Crl] Pad BFropE P>ropPE
N1b Amplitude (Fixed Level)
Hyperacusis -0.185 [0.644, 0.267] 0.785 0.265 0.644
Misophonia 0.106 F0.330, 0.535] 0.682 0.198 0.512
Phonophobia 0.119 F0.300, 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 F1.593,-0.670] >0.999 1228 >0.999
Misophonia -0.006 [0.424, 0.434] 0.511 0.167 0.333
Phonophobia 0.078 F0.398, 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 F0.272, 0.627] 0.777 0.252 0.629
Misophonia -0.209 [0.645, 0.239] 0.820 0.293 0.687
Phonophobia -0.187 F0.632, 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 F0.400, 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 F0.470, 0.242] 0.701 0.145 0.493
Misophonia 0.155 F0.186, 0.476] 0.818 0.195 0.623
Phonophobia 0.035 F0.288, 0.350] 0.588 0.105 0.346
Chronic Tinnitus 0.011 F0.285, 0.328] 0.529 0.203 0.282
Autism -0.107 F0.417, 0.1901 0.759 0.285 0.519
Hyperacusis x Chewing -0.006 F0.473, 0.477 0.510 0.181 0.348
Hyperacusis x White noise 0.070 F0.383, 0.520] 0.620 0.178 0.445
Misophonia x Chewing 0.107 F0.369, 0.617] 0.668 0.217 0.512
Misophonia x White noise -0.042 F0.533, 0.424] 0.568 0.190 0.406
Positive Slow Wave Amplitude
Hyperacusis -0.093 F0.422, 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 F0.231, 0.305] 0.623 0.176 0.331
Hyperacusis x Chewing -0.084 [0.577, 0.449] 0.624 0.228 0.475
Hyperacusis x White noise 0.338 [0.145, 0.846] 0.911 0.577 0.831
Misophonia x Chewing 0.181 [0.370, 0.704] 0.754 0.278 0.618
Misophonia x White noise -0.208 [0.743, 0.333] 0.770 0.332 0.651

Contrasts that are statisticaflignificant P4 > 0.975) are bolded, whereas contrasts that are practically equivalent to zero

(BFroreO 1/ 3 based

on a region

o(.1, Opl}) arepresentadlin italicsl Interactioesetveen] ROP E ]

autism and hyperacusis or misophonia are not included in the table but were not significant in &ay-gasdability of

direction;BFrore= ROPE Bayes factoP-rore = probability of effect exceeding the ROPE.
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Table 6.3, andthe effects of autism and chronic tinnitus on Ndtiency were also not statistically significant
(BFrore=0.393 0.395). No other covariates were significant, and an autism x hyperacusis interaction examined
in a separate model was also found not to be signifidaga={0.280, Crése, [-1.127, 0.617],P4=.734,
BFrope=0.514,Psrope=.657).

When examining N1b amplitudatensity growth slopes, a significant main effect of frequency
condition was also observed, with 2000 Hz tones demonstrating substantially steeper (i.e., more positive)
amplitude growthwith intensity Psw=0.355, Crése [0.222, 0.487],P3>.999 BFrope=962, Psrope>.999).
However, these amplitude growth slopes were statistically equivalent across groups based on autism,
hyperacusis, misophonia, and phonophoBigr6pe<0.298;Table 6.3, and the effect of chronic tinnitus on
N1b amplitude growth was also not statistically significaBErpope=0.371). No other covariates were
significant, and an autism x hyperacusis interaction examined in a separate model was also found not to be
significant ps«=0.109, Crdsy [-0.687, 0.862]Py=.609, BFrope=0.354, P-rope=.509). N1b latencyntensity
growth slopes also exhibited a main effect of frequency condition, with 2000 Hz tones in this case
demonstrating substantialshallower(i.e., more positive) latency growth with intensity{0.457, Crisy
[0.348, 0.572],Ps>.999, BFrope=1.26%10, P-rore>.999). N1b latency growth also exhibited a marginally
significant effect of sex, with males exhibiting slightly shallower latency growth than fentale<0(366,

Crlose, [-0.010, 0.728]P¢=.973,BFrope=2.51,Psrope=.923). A significant effect of psychopathology was also
observed, with shallower latency slopes in individuals with more psychiatric or neurodevelopmental diagnoses
(effect per additional diagnosibs=0.104, Crse [-0.004, 0.237]P4=.976, BFrope=0.208, P>rop=.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 latey slopes were strongly related to hyperacusis status, with much steeper latency
growth in individuals with hyperacusis compared to those without the conditign-0.858, Crése [-1.321,-

0.376], P4>.999, BFrore=64.2, P-rope=.999; Figure 6.20). Additionally, effects of autism, misophonia,
phonophobia, and chronic tinnitus, were not significant, despite not reaching the threshold for practical
equivalence BFrope=0.338 0.405). No other covariates were significant, and an autism x hyperacusis
interaction examined in a separate model was also found not to be signifigarD(162, Cris, [-1.015,

0.651], Pd:.647, BFRopE:O.412,P>RopE:.556).

6.3.1.4 P3a and Positive Slow Wave Eventelated 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. Toness#0.583, Crdsy[0.299, 0.871]Ps>.999,BFrope=310,P>rope>.999;
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White noise vs. Tonessi=0.725, Crsy, [0.449, 1.002]Ps>.999, BFrope=2826,P-rore>.999). Additionally,

across task conditions, P3a mean amplitudes were significasdlyciated with increased adm:&0.150,

Crlgsy, [0.020, 0.282]P¢=.987,BFrope=0.665,P-rope=.778). However, P3a amplitudes were equivalent across
groups based on autism, chronic tinnitus, hyperacusis, misophonia, and phonopkabia<(Q.285;Table

6.2, and both hyperacusis x condition and misophonia x 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 x misophonia interadtigs-0.316, Crése [-0.923, 0.313]P4=.850,
BFrore=0.477,P-rope=.760) nor either of the thregay interactions between autism x misophonia x condition
(Chewing:bsi=-0.381, Créses[-1.227, 0.460]Py=.810,BFrope=0.620 P>rope=.745; White noisebsi=-0.127,

Crlosy, [-0.917, 0.632]Ps=.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 condiignQ.341, Crése [0.022, 0.666]P4=.980,
BFrope=2.63,P-rope=.929) but equivalent amplitudes in the White noise condibeg=0.092, Crés,[-0.221,
0.391],P¢=.722,BFrope=0.264,P-rope=.481) relative to the standard Torendition. In addition to the effect
of condition, there was also a small but statistically significant positive association between PSW amplitude
and PIQ (bw=0.135, Crisy [0.021, 0.252],P¢=.989, BFrope=0.499, Psrope=.728). Across conditions,
misophonia was associated with a marginally significant increase in PSW mean ampliggd@S8Q1, Criso
[-0.019, 0.614]P4=.966, BFrope=0.777,P-rope=.891), and chronic tinnitus was associated with marginally
significant decrease in PSW mean amplitudeg-0.251, Crése [-0.527, 0.012]P4=.966, BFrope=1.30,
P-rore=.868). Notably, despite neither of these effects exceeding the binary threshold for statistical significance
(each had only a 96. 6% posteri or,thpyrdeniprestratetl 89t11% and f fe x i
86.8% posterior probabilities of being practically significant, respectively. Main effects of hyperacusis,
phonophobia, and autism, as well as the hyperacusis x Chewing, misophonia x Chewing, and misophonia x
White noise inteactions were all demonstrated to be practically equivalent to B&i6e<0.332;Table 6.3.
However, the hyperacusis x White noise interaction, while not significant, was inconclusive and less
definitively representative of a null effecbs(=0.338, Crésy [-0.145, 0.846],P4=.911, BFrope=0.577,
P-rope=.831). No other covariates were significant. When examined in a separate model, the autism x
misophonia interaction was inconclusivbs=-0.420, Crse [-0.967, 0.133],Ps=.927, BFrope=0.842,
P-rope=.871) andin the opposite direction of the now statistically significant misophonia main effect
(bst=0.403, Crése [0.064, 0.759]P¢=.987,BFrope=1.98,P-rope=.955). Threavay interaction terms between
autism x misophonia x condition did not reach statistical significance (Chelagged.326, Crisy, [-0.494,

1.211], Pd=.775, BFROPE:O.550, P>RopE:.703; White noisebsw=—0.399, Crés% [-1.238, 0.430],Pd=.826,
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BFrore=0.599,P-rope=.756). To further probe the significance of the-way autism x misophonia interaction

in the absence of higherder interactions, we calculated average marginal effects from the expectation of the
model 6s posterior pr e d icat new subjectd; icallapsed bcwossiconditiorfs,0PSW hy p ot
amplitudes were significantly larger in individuals with misophonia compared to those without in the non

autistic group@=0.422, Cris[0.033, 0.806]P4=.983) but not in the autistgroup ¢=-0.019, Crés[-0.554,
0.537],P4=.527). Notably, the differenei@-differences, akin to a twavay interaction term, continued to fall

short of st at idsOt440cGidy,[-G1b6g NOEHP=O22nh c e ( a&

6.3.2 Correlation Analyses

Correlations between each of the electrophysiologic outcomes and theepseted and
psychoacoustic variables can be foundétle 6.4 As stated previously, we hypothesized that there would be
significant crossnodal correlations between hyperacusisted variables such that (a) increased dimensional
hyperacusis symptoms, (lIgwer mean loudness discomfort levels, (c) steeper-6a$ed loudness growth
slopes, (dshorterN1b latencies, and (e) steeper lateimdgnsity 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 negativelgorrelated with the MISTA hyperacusis rgr=-0.541, P4>.999), as well as the
remaining three subscales of the meaguge=-0.339-0.439, P4>.998; Table 6.4, although there was a
substantial94.11 99.2%) posterior probability of a larger correlation with the hyperacusis scale than each other
MIST-A scale. All four MISTA subscales were also positively and significantly correlated with-izis®ed
loudness growth slopessg=0.204 0.428,Ps>.998;Table 64), again with the Hyperacusis scale demonstrating
the strongest association (8899.9% posterior probability of the Hyperacu€ikS slope correlation being
larger). As hypothesizeanean LDL was also stronghegatively correlated with the mean loudness growth
slope derived from the CLS taskg=-0.590, Crés [-0.701,-0.482],Ps>.999).

In line with significant hyperacusis group differences, Mi&Thyperacusis scores were also
significantly associated with steeper ABR wave V latency growth slopes, shorter N1b latencies, steeper N1b
latencyintensity growth slopesT@ble 6.4. Similar patterns of results were seen for the two psychoacoustic
measures, with both CE8ased loudness growth slopes and mean LDLs correlating significantly with (a) ABR

latencyintensity growth slope, and (b) N1b lateriayensity growth slopeTable 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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Table6.4: Gaussian RanKorrelations between Electrophysiologic Outcomes and bothr&mdfted Symptoms and Loudness Indices

MIST -A MIST -A MIST -A MIST -A Mean CLS Loudness
Hyperacusis Misophonia Pain Fear LDL Growth Slope

Vean LDL -0.541 -0.401 -0.338 20.439 s -0.590
[-0.656,-0.409] [-0.550,-0.242] [-0.530,-0.131] [-0.577,-0.289] [-0.701,-0.482]

0.428 0.204 0.279 0.368 -0.590
CLS Loudness Growth Slope [0.282, 0.578] [ 0.034, 0.376] [0.109, 0.448] [0.181, 0.532] [-0.701,-0.482] 6

. -0.010 0.075 -0.028 -0.012 0.006 -0.028
ABR Wave VAmplitude [-0.190, 0.176] [-0.239, 0.098] [-0.186, 0.141] [-0.191, 0.185] [-0.192, 0.196] [-0.198, 0.144]

ABR Wave V Latency 0.092 0.170 0.148 0.052 -0.102 0.094
[-0.104, 0.275] [ 0.008, 0.323] [-0.071, 0.352] [-0.133,0.236] [-0.304, 0.087] [-0.084, 0.282]

ABR Ampiituds Growth Slope 0.028 -0.091 -0.021 0.008 0.002 0.032
[-0.168, 0.211] [0.252, 0.094] [-0.198, 0.157] [-0.179, 0.190] [-0.205, 0.206] [-0.137, 0.208]

ABR Latency Growih Slope -0.227 -0.165 -0.208 -0.209 0.246 -0.220
[-0.391,-0.056] [-0.344,0.0004]  [-0.373,-0.033] [-0.371,-0.033] [0.072, 0.411] [-0.420,-0.025]

ASSR Power -0.123 -0.129 -0.101 -0.085 0.154 -0.085
[-0.283, 0.048] [-0.303, 0.064] [-0.285, 0.088] [-0.255, 0.081] [-0.024, 0.325] [-0.275, 0.098]

ASSR Power Growih Slope -0.141 -0.192 -0.184 -0.153 0.110 -0.213
[-0.309, 0.036] [-0.359,-0.011] [-0.352, 0.0001] [-0.326, 0.021] [-0.080, 0.304] [-0.404,-0.036]

NLb Amplitude 0.002 -0.094 -0.045 0.027 -0.082 0.002
[-0.198, 0.173] [-0.266, 0.086] [-0.208, 0.140] [-0.160, 0.216] [-0.250, 0.107] [-0.195, 0.202]

N1b Latency -0.172 -0.044 -0.106 -0.052 0.163 -0.159
[-0.333,-0.011] [-0.194, 0.113] [-0.286, 0.056] [-0.226, 0.150] [-0.001, 0.331] [-0.333, 0.025]

NLb Amplitude Growth Slope 0.004 0.023 0.076 -0.019 0.117 -0.050
[-0.224, 0.207] [-0.139, 0.187] [-0.119, 0.254] [-0.214, 0.166] [-0.075, 0.290] [-0.248, 0.162]

NLb Latency Growth Slope -0.221 -0.055 -0.037 -0.164 0.212 -0.330
[-0.379,-0.041] [-0.227, 0.118] [-0.229, 0.150] [-0.316,-0.004] [0.027, 0.382] [-0.522,-0.120]

P3a Ampitude (White Noise) 0.210 0.100 0.027 0.157 0.041 0.092
[0.029, 0.391] [-0.055, 0.252] [-0.150, 0.205] [-0.003, 0.326] [-0.139, 0.217] [-0.090,0.283]

p3a Amplitude (Chewing) 0.100 0.119 0.156 0.109 0.039 -0.010
[-0.076, 0.284] [-0.038, 0.278] [-0.035, 0.337] [-0.031, 0.252] [-0.156, 0.243] [-0.201, 0.196]

. o -0.097 0.069 0.066 -0.089 -0.187 0.026
PSW Amplitude (White Noise) [-0.279, 0.083] [-0.094, 0.238] [-0.104, 0.236] [-0.257, 0.081] [-0.347,-0.023] [-0.181, 0.225]

PSW Amplidude (Chewing) -0.056 0.057 -0.062 0.010 -0.012 -0.091
[-0.222, 0.110] [0.129, 0.241] [-0.256, 0.130] [-0.179, 0.190] [-0.194, 0.185] [-0.274, 0.103]

Statistically significant correlations (Pd>.975) are presented in bold. MISMultidimensional Inventory of Sound Tolerance in Adults; LDL = Loudness
Discomfort Level; CLS = Categorical Loudness Scaling; ABR = Auditory Brainstem Response; ASSR =yAsiditatystate Response; PSW = Positive

Slow Wave.
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Figure6.3: Dimensional Association between N1b Latency Growth Slopes and Psychoacoustic Ldntmssty Growth Slopes
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Figure6.4: Dimensional Association between Misophonia Symptoms and féed Auditory Brainstem Response Wave V Latencies
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slopes in the current sampler=-0.035, Crése [-0.243, 0.163]P+=.637).

There were also a number of Rbypothesized significant correlations between hyperacakigant
variables and additional outcomes as well, including/hée noisespecific P3a and PSW amplitudeghich
did demonstrate small correlations with the Mi&Hyperacusis Tscore and Mean LDL scores, respectively

(Table 6.4; Supplemental Figure B.&s another unexpected correlation, ASSR peinansity growth slope

significantly correlated with CLS Loudness growtRgE-0.213, Crise,[-0.404,-0.036], P4=.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-repibrted DST symptoms were associated with shallower
loudness growth at the neutavel).

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 MISA subscales. We found weak but significant correlation supporting this
hypothesisrgr=0.170, Crdse, [0.008, 0.323]P4=.975;Figure 64). Similarly to CLS loudness growth, MIST
A Misophonia Fscore was also significantlyegativelyassociated with ASSR powattensity growthslope

(rer=-0.192, Crés9[-0.359,-0.011],P4=.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 mecharsis The present study, conducted in one of the largest
transdiagnostic samples of deeplyenotyped individuals with and without DST disorders to date, represents
a meaningful step forward in our understanding of these mechanisms by providing clueshabout t
neurophysiologic correlates of both hyperacusis and misophonia in autistic aadtistic adults. Although
we did not find evidence to support many of the original study hypotheses regarding DST group differences,
our findings nevertheless demonstrassociations 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 functéatditionally, 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 ag kedk ABR results,
which mirror the unpublished findings of other groups using similar techniques in this pop(Hatgain &
Kim, 2022) implicate altered functioning of the upper auditory brainstem, namely the inferior colliculus and/or
lateral lemniscuglLegatt, 2015)n the conditionindependent of its associations with other DST disordeys.

the first electrophysiologic study formally comparing autistic andauttistic 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
nonautistic groups, providing preliminary evidence of a shared underlying pathophysiology or final common
pathway for DST seemingly associateithwnultiple 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 believihésat 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 amplitudetensity growth slopes, aridcreased (more negative) wave V latefitensity
growth slopes. Of these, only wave V latematensity growth was found to be significantly increased in
individuals with hyperacusis (an association that was observed whether hyperacusis was defioechtiste
or dimensionally). Although there was one extreme outlier in the hyperacusis group with regard to wave V
latencyintensity slope, sensitivity analyses demonstrated that the stubdaséd models used to evaluate
group differences were actually quite robust to the influence of thidénginage point (i.e., only an 8% change
in effect size with removal of the point). As the ABR lateimttgnsity function correlates with the
psychoacastic loudnessntensity function in both healthy normlagaringindividuals (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 méwhanism
the generation of hyperacusis in huméBisaheen & Liberman, 2018his 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 latenciegere 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 dusupehenposition of ABR waves
IV and V at some levels but not others, the withim d i vi dual association between
amplitude is more convoluted than between SPL and fAw
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 individualshwihisophonia 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

287



latencies relative to individuals with hyperacusis alone andD®h 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 observedffdrences reflect true rather than artifactual correlates of misophonia. However,

it is notable that the one published study to date of ABR latencies intmoisiagAryal & Prabhu, 2023bjlid

not find wave V |l atencies to be prolonged in their
discrepancy with our results and those of Husain & Kim (2022) represent a failure of statistical power,
methodological differences in ABR acquisiticor another factor.

Assuming thaburfindings do indeed represent a genuine and replicable (dgeeef) neurobiological
alteration in the auditory brainstem of individuals with misophdhigse 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 connectiergndifs
between auditory and neauditory structures as the source of misophonicti@ac(Berger et al., 2023;
Jastreboff, 2024 However, these results would indicate that misophoeia@ted 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 isnote r t | y  fiThis wogldjadso help tp .explain the
high rates of cabccurrence between misophonia and hyperacusis in the popBtgzman et al., 2023; Dixon
et al., 2024) given their seemingly neoverlapping mechanisms$iowever, it is notable that the inferior
colliculus, the major source of ABR wave(legatt, 2015)is a highly multisensory brain region with many
converging topdown and bottorup inputs(Driscoll & Tadi, 2023; M. Liu et al., 2022; Oberle et al., 2022)

Thus, pathophysiologic alterations in rauaditory regions may also be fully able to account for functional

differences in sound voked activity i#hevdi é aedibary apdoddoswi n
misophonia (i.e., thas 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 thienctional auditory changes represent (part of) the substrate of misophonic
reactions (i.e., the categorical experience of being
representing transdiagnostic aspects of psychopathology (e.g., poor emagidiation, impulsivity,
interpersonal aggression) are likely necessary in combination with the misophon@neeticteach a state of
having dAclinicall yMd8imagmet &l.j 2028)iven thé poteptidd iomABROto help
elucidate a meaningful aspect of misophonia pathophysiology, additional methodological research is critical in
ascertaining the optimal acquisition protocols and paramgtetsding the utility of binaural stimulation as

conducted in the current study; Laumen et al., 20@64istinguishing 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 pavtensity growth slopes would
discriminate individuals with hyperacusis from those without, given previous results indicating that ASSR
power indexes loudness in auditory cortex listeiféen Eeckhoutte et al., 2016, 2018jowever, 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 grosvttoskipted
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. Interesigly, 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 spdlgifftaesch et al., 2004, 2010; Ghasemahmad
et al., 2024; Wienbruch et al., 2008he 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 Eventrelated 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 amplituidéensity growthslopes, and increased (more negative) N1b latency
intensity growth slopegBillings et al., 2007) Similar to the one previous ERP study to examine N1b
amplitudes across multiple levdlgrinc & Derinsu, 2022)we found no evidence of altered N1b loudness
growth or fixedlevel 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 apathological auditory gain process in secondary auditory cortical areas
(Woods, 1995) N1b latencyintensity growth was also the strongest electrophysiologic predictor of
psychoacoustic (CL-Based) loudness growth slopes in the sample, as well as asitima 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 fromasnpling a single point on the latency growth function, fieacel 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 sieatioy 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 aimdikidual N1b latency
growth function in order to maximé associations with loudnessated measures. As previous N1b studies of
hyperacusigErinc & Derinsu, 2022; Yukhnovich et al., 202#gve not investigated this index before, and it
remains unclear whether these studies would also observe hyperataisis differences despite either finding
no group differences in N1b latenci@Srinc & Derinsu, 2022pr 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 misophonigAryal & Prabhu, 2023aare actually attributable to emccurring hyperacusis
(symptoms) in the clinical group, particuladyven the higher rates of hyperacusis that occur in individuals
with more severe misophoni@&ndermane et al., 2023Wwho demonstrated the most pronounced latency
reductions in Aryal & Prabhub6s study.

It is interesting to note that N1b latenritjensity growth was entirely uncorrelated with ABR wave
V latencyintensity growth in our present sample, suggesting that increased central gain in cortical regions does
not appear to be simply a continuationohcr eased gain at a Al ower |l evel o0 i
(despite both independently predicting subjective loudness growth and hyperacusis symptoms). Indeed, it may
be the case that aberrant latency growtleither brainstem or the cortex woulde 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
atypicd latencyintensity 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 tha¢ anore 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 an(lhietes &
Roberts, 2007and experimental studies implicating alterations in alerting attention in the pathophysiology of
misophonigFrank et al., 2020; Zumbrunn et al., 2028 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 dastiat 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 witlhe P3a was that individuals with higher selported 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 hyperac&ipplemental Figure 6.7These

findings indicate that a certain subpopulation of individuals vagiperacusis(rather than misophonia)
potentially find the lowlevel 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 elevision program they were watching. Future studies are needed tr fartastigate 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 relatetb their hyperacusis (i.e., whether neurocognitive alterations in batpoaitention 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 bthanmechanism 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 | ate positive ERP elicited by fAvery compl e
processing. 0 (Kot chouWeebglievgthifta belaonanjfesttionlobthe Late Positie) .
Potential (LPP), a modalitindependent cognitive potential most frequently analyzed in the visual domain,
although it has been evoked using emotional sounds (Brown & Cavanagh, 2017; Vormbig@02dy 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 debsd, it has been theorized that larger LPP amplitudes reflect more personally
Aisignificanto stimuld.i (Haj cak & (Withgeneratod lhaflygdala and t he
connected cortical regions, such as insula, inferior frontal/orbitiafr@ortex, and cingulate cortex; Bunford
et al., 2018; Y. Liu et al., 201pJays 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 amplitusdessa all conditions. A twavay 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 autisTibesilts.
results indicate that chewing, as a more biologically relevant and easily identified stimulus than pure tones and
modul ated white noise, is identified by nearly all [
expect t he Cfielewingmibdeven grenerendndigiduals with misophonia, the increased PSW/LPP
amplitudes generalized to all auditory stimuli in the task. This may have been due to a genekhyess
in people with misophonia during tasks in which triggeringnsls 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 dhse individuals with misophonia differentially respond to trigger
and nonrtrigger 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/PSWeanaftysthe potentially sub
opti mal elicitation of this ERP component in the pr
audiovisual stimuli used in other studies, we believe further optimization of LPP paradigms for use in the
misophonia popution (and indeed, even reanalysis of Tenesaca, 2022) may demonstrate clear group
differences in triggeevoked LPP amplitudes.

Although far from conclusive, our PSW/LPP results also reveal a potential difference between autistic
and norautistic individuals regarding the degree to which misophonia modulates PSW/LPP amplitudes. This
effect, which was the only autism x DST groupenatction to even approach significance out of the many
tested, indicates that only nauitistic individuals with misophonia appear to demonstrate generally increased
PSW/LPP amplitudes across conditions, whereas autistic individuals do not. Notablymtier iod 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 significantontrasts in &digherorder interaction term and limiting the generalizability of these findings.
Nevertheless, we believe that if interpreted as appropriately preliminary and unproveotethiil difference
between autistic and neautistic individuas with misophonia in PSW/LPP activitwarrants 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 peived while undergoing the ERP experiment) demonstrated lower
PSWI/LPP amplitudes. Similar to the effects of misophonia, we believe this to be related to attentional
modul ation of this response, per hapsomlpueet ittoi otnhoe bpertews
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 tores fAsi gni ficant. o I n fact, due to the ta
background, 06 participants with tinnitus may have (i
tinnitus as a way of more easily tuning out competing stimesijlting 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 someatatistact, 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, thiglgtis limited by the lack of standardized definitions
of DST disorders or widekaccepted procedures for diagnosing those conditions. We have attempted to rectify
this state of affairs somewhat by introducing our own standardized protocol using a fdrofafiagnostic
criteria and a senstructured 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 thglgg., Adams et al., 2021; Jastreboff & Jastreboff, 20B8¢ed, 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 cam leeeompared. Additional phenotygesi c h as fApai n
hy per a(Pdlard, s2019; Salvi et al, 2022; Wiliams, Suzman, et al., 202aajuired vs.
(neuro)developmental hyperacusis, hyperacusis with vs. without evidence of peripheral auditory dadhage
covariates, such as the presence of migraines, mild traumatic brain injury, fiboromyalgia, ADHD, anxiety
disorders, or other specific medical or psychiatric conditions, could also be examined in the current sample and
may provide further insights inthe pahophysiology 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, adeseage intelligence,
high rates of psychopathology, and heavily sk@wnace and sex distributions more likely to reflect the sampling
bi ases than true demographics of individuals with DS
at least somewhat due to hyperacusis and misophonia being more common in fathalethan 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 nales than females (Bélte et al., 2023; Loomes et al., 2017). Although the autistic sandint
groups were conveniently wathatched on sex, our sample demographics indicate that male autistic
individuals were highly underrepresented in the studyelfikdue 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 itienconder
study are both more likely to volunteer for a given research giudyn et al., 2004)ndeed, 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 interviedegdhirabout

these symptoms using the DISSS. Rates of DST in autism based eadalgstudies are substantially lower

than those obtained in the present sienjarson 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 mechanisBSDf 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
beirng only viewed as attractive to individuals with DST.

An additional limitation of the current study concerns the somewhat atypical ABR paradigm used,
which includedbinaural 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, iatealdifferences were of minimal interest relative to
slightly more ecologically valid binaural stimuli. This paradigm also allowed us t@ag&eA\BR recordings
across the two channels (typically ipsilateral and contralateral waveforms) to achieve a greate-sigsal
ratio with fewer stimulus trials. However, presenting binaural ABR stimuli introduces a binaural interaction
componenfLaumenetal.,2016) t he negat i boe) pteeankp corfa lwlhyi cchv riil aps t he
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 désdonstr
in a separate ABR paradigm that utilized unilateral ABRssain & 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 worth investigating further, and researchers hoping to optimize ABR parameters for
use in DST populations may wish to consider varying monaural vs. binaural stimulationpeithom so as to
be able to calculate a binaural interaction component andfisply 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 +aaortistic individuals. These effects were tested using regression
interactions, for which extremely large samples are oftexled in order to obtain sufficient statistical power
to detect effects of modest sig@ommet et al., 2023Although the large majority of regression interactions
demonstrated point estimates that were very small and Bayes factors that approacheudlemegliound,
at the current sample size, it was almost impossible to demonstrate equivalence of any of these interactions to
zer o, and the majority were simply finconclusiveodo d:¢
preliminary evidene in most cases points toward autistic and-awtistic 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 andautistic individuals but were not detected due to

poor statistical power. In particular, Welieve that the association between misophonia status and PSW/LPP
amplitude (and the degree to which this association generalizes between trigger-tnghgaostimulus) is

the most promising index of a potential autisticAzartistic difference in DSTEorrelates, 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 examion of the data. Although the present study was somewhat
hypothesisdriven, 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 gxgiititiot seek to
optimize any of the models to derive significant results (and with regard to ragfkets structures, our goal
was to reduce computational burden while ensuring sufficient ability to account for effect heterogeneity), it is
neverthelessmportant to acknowledge this practice of exploratory model modification (which is prone to
introducing at | east some incorrect model el ements
process is likely to decrease the replicability of given result at least slightly from our study (relative to us
having fully specified all models and hypotheses a priori, as ineegrstration), although we strongly believe
that it enhanced the quality of the results that we were able to report,tgesémited 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 obspresdnt
Atype SO0 (sign) or ({Gelmgmé& Caid, 2@l Spmeent&Wibeen)an, 20hHoald s
researchers wish to undertake more strongly hypotleisisn 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) aRkegistered 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 towardm@elmse 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 thgpbatbusis 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. Mmver, autistic adults appeared to largely demonstrate equivalent correlates

of DST to norautistic 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 $gmpatings; this provides some of the strongest evidence to
date that hyperacusis in humans is truly underpinned
at a psychoacoustic level but at a neurophysiologic level as well. Misophonia é¢wHefimed categorically
or dimensionally) was associated with significantly prolonged ABR wave V latencies, indicating that
differences in lowlevel sound processing may play a role in its pathophysiology. Though there remains much
to understand about thessociation 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 fAbeing tri gg eulatedadfectaadbehavioratrdsgonsestthate e xt r
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 glositive
wave (PSW) ERP, which we equate to the late positive potential (tHeRBE potential differencesiSW/LPP
amplitudes across conditiom®uld suggest a state of hypalertnessn some (predominantly neautistic)
individuals with misophoniaduring 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 investigadegree to which LPP amplitudes are
associated with misophonia and its symptoms in both autistic andutistic 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 \detasmined using a pedticking
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
maximumamplitude value within a certain latency range that varied depending on the stimulus presentation
level (<70 dB SPL: 6.2510 ms; 7085 dB SPL: 5.68.75 ms; >85 dB SPL: 4.73.5 ms). Comparison of this
peakpicking algorithm with manual scoring of these lpdatencies (using SmartEP software; Intelligent
Hearing Systems, Miami, FL, USA) demonstrated almost complete agreement between the two approaches
(ICC(A,1)=0.988, Cise [0.985, 0.990];Mdn [Q1, Q3] latency difference: 0.0200[030, 0.050]). Before
applying the peadpicking algorithm on the full dataset, we linearly detrended each ABR waveform using the
pracmaR package (Borchers, 2023) to further improve ggiaking ability and differentiate waves IV and V.

After determining the wave V peak amplitude éogiven 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

l atency NO.1 ms), after Winsor i za werthanthe feakamglitudeal ues ¢
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=8), some individuals completed only a subset of the ABR blocks,
typically omitting both fixedlevel blocks due to the level being too high for them to tolerate (one participant
was able to provide data for a single block of fikedkl trials but declinethe second block). For these cases,
we (singly)imputed the missing peak amplitudes and latencies at the fixed level usingstieorestR
package. Our imputation model included the following variables: participant ID, exjegender 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 psychiatricheurodevelopmental disorders, all DST disorder variables, all intensity growth slope variables,
and all MISTA T-scores. Imputed scores were used as the input for all statistical analyses, including the

calculation of wave V amplitudend latencyintensty growth slopes.

6.7.2 Electrophysiologic Intensity Growth Slope Calculation
In order to calculate the slopes of the electrophysiologic amplitude/poteesity and lateney

intensity growth functions in the present study, we fit Bayesian hierarchical regression models to eondition
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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.qg.,
N1b amplitudes), and the primary independenialde 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 mudili@@ (such
that the units of the SPL slope were uVv/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 Ispbject.

These models were fit in a Bayesian framework usingthres R package (Birkner, 2017), using a
Gaussian likelihood, a studeftprior on regression intercepts (1®0NVave V amplituden=0, s=2.5; 103
Wave V latencym=100,s=5; ASSR Powem¥0, s=0.05; N1b amplituder=0, s=0.5; N1b latencym=100,
s=10), ats prior (100® Wave V amplitudem=0, s=0.25; 10° Wave V latencym=0, s=0.25; ASSR Power:
m=0, s=0.005; N1b amplitudem=0, s=0.1; N1b latencym=0, s=0.5) on regression slopes (i.e., SPL fixed
effects), arexponentiaprior (1003 Wave V amplitudet =5; 103 Wave V latencyl =5; ASSR Powert =50;
N1b amplitudel =10; N1b latencyt =5) on the standard deviation of random effects, and aH=J{or all
except ASSR power, for whidi=5) prior on the randoreffect correlation matrix. All models were estimated
via Markov chain Monte Carlo (MCMC) using the Netlin Sampler (Hoffman & Gelman, 2014). Posterior
distributions ofall parameters were generated using 24,000\wasnup MCMC draws from twelve separate
Markov chains, and the posterior median of therithgtion of the subjeespecific SPL term was used as an
estimate of the condition and outcoisigecific intensity growth slope. Only point estimates of each growth
slope were carried forward for use in further statistical testing. As an assessmentbtifiléyr of the N1b
growth slopes, we calculated the intraclass correlation of the mean growth slope for both the amplitude
intensity slope and latendggtensity slope across frequency conditions. These reliability values were good for
both amplitude grath (ICC(A, 2)= .837, Gk« [.677, .908]) and latency growth (ICC(A, 2)= .851y4l[.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 specificasi@yiven inSupplemental Table 6.6lotably, the PREP

pipeline (BigdelyShamlo et al., 2015) was used as a part of the Automagic data cleaning pipeline, and default
parameters were used for PREP, with theosgwhckepti on
allowed us to run the pipeline on the trimmed data files. Automagic was employed as a plugin within EEGLAB
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(Delorme & Makeig, 2004) and launched from within the EEGLAB graphical user interface. After successful

processing of each file via Automagic, werederenced each file to the average of all included channels, shifted

all event tags by a constant of 344lliseconds (based on the results of separate stimulus timing experiments),

segmented the continuous EEG data into epe808 (ms prestimulus to 1000 ms paestimulus), and baseline

corrected each epoch using the mean value iF30@ 0 ms range. Artifet detection techniques implemented

in ERPLAB (LopezCalderon & 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 functiothat rejected any epoch with absolute
amplitude greater than +200 pV at any channel during the epoch

General bad channel detection: Moving window peako-peak function (50 ms step) that rejected
any epoch that demonstrated a 100 pV difference or more within 200 ms in any channel

Blink detection: Step function (10 ms step) that rejected any epoch with a change of 50 pV or more
between two halves of a 200 ms window in one of the four VEOG channels (E14, E21, E126, E127)
Eye movement detection: Step functioff10 ms step) that rejected any epoch with a change of 32 pv
or more between two halves of a 200 ms window in one of the HE®@@hannels (E1, E32, E33,
E38, E120, E121, E122)

Flat line detection: Rejected angpoch that had data remain within 1 pV 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 artifaftee trials of all event types had their epochs in each condition averaged

pointwise, and singlsubject tracings from each epoch type were exported for use in exploratory factor

analysis.
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Supplemental Table.5: Processing Parameters for Automagic BEGcessing Pipeline

Automagic Section Parameters
Excluded Channels 48, 49, 56, 63, 68, 73, 81, 88, 94, 99, 107, 113, 1
PREP Pipeline

Bad Channel Detection

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 filtg
order)
ICLabel Algorithm

Exclude ifP(Muscle) > 0.8

Exclude ifP(Eye) > 0.8

Exclude ifP(Heart) > 0.8

Exclude ifP(Line) > 0.8
Exclude ifP(Channel) > 0.8

Interpolation

Spherical

Filtering

Line Power: ZapLine method
3 components, 60 Hz frequency
High pass: pop_eedfiltnew() function
0.1 Hz, default order
Low pass: pop_eedfiltnew() function
30 Hz, default order

6.7.4 N1b Peak Selection

In order to determine the peak of the N1b ERP, we utilizeddlmilate.goldfunction in thedoremi

R package (Denis et al., 2021) to calculate the second derivatives of ERP time series between 36 and 164 ms
poststimulus. Points were flagged as potential N1b peaks if (a) the absolute amplitude at that point was less

than +0.5 pV, (b) the second deriwvat 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 thio$est 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 pstanulus 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 4060 ms. If multiple local minima (based on the above criteria) existed for a given

waveform, the most negative one wawsen 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 Figuré.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 latentqiaedtactor/component within the temporal
exploratory factor analysis (tEFA). Highlighted (groups of) components represent the P1/N1 ctme®3q, and the late Positive Slow Wave (PSW).
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