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Abstract

Objective: Hyperacusis, defined as decreased tolerance to sound at levels that would not trouble
most individuals, is frequently observed in individuals with autism spectrum disorder (ASD).

Despite the functional impairment attributable to hyperacusis, little is known about its prevalence
or natural history in the ASD population. The objective of this study was to conduct a systematic
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review and meta-analysis estimating the current and lifetime prevalence of hyperacusis in children,
adolescents, and adults with ASD. By precisely estimating the burden of hyperacusis in the ASD
population, the current study aims to enhance recognition of this particular symptom of ASD and
highlight the need for additional research into the causes, prevention, and treatment of hyperacusis
in persons on the spectrum.

Design: We searched PubMed and ProQuest to identify peer-reviewed articles published in
English after January 1993. We additionally performed targeted searches of Google Scholar and
the gray literature, including studies published through May 2020. Eligible studies included

at least 20 individuals with diagnosed ASD of any age and reported data from which the
proportion of ASD individuals with current and/or lifetime hyperacusis could be derived. In

order to account for multiple prevalence estimates derived from the same samples, we utilized
three-level Bayesian random-effects meta-analyses to estimate the current and lifetime prevalence
of hyperacusis. Bayesian meta-regression was used to assess potential moderators of current
hyperacusis prevalence. In order to reduce heterogeneity due to varying definitions of hyperacusis,
we performed a sensitivity analysis on the subset of studies that ascertained hyperacusis status
using the Autism Diagnostic Interview-Revised, a structured parent interview.

Results: A total of 7783 nonduplicate articles were screened, of which 67 were included in the
review and synthesis. Hyperacusis status was ascertained in multiple ways across studies, with 60
articles employing interviews or questionnaires and 7 using behavioral observations or objective
measures. The mean (range) age of samples in the included studies was 7.88 (1.00-34.89) years.
The meta-analysis of interview/questionnaire measures (A(3) = 103, /asp=13093) estimated the
current and lifetime prevalence of hyperacusis in ASD to be 41.42% (95% Crl [37.23, 45.84])
and 60.58% [50.37, 69.76], respectively. A sensitivity analysis restricted to prevalence estimates
derived from the ADI-R (k(3) = 25, 71asp = 5028) produced similar values. The estimate of
current hyperacusis prevalence using objective/observational measures (k(3)= 8, /asp = 488) was
27.30% [14.92, 46.31]. Heterogeneity in the full sample of interview/questionnaire measures was
substantial but not significantly explained by any tested moderator. However, prevalence increased
sharply with increasing age in studies using the ADI-R (BF; = 93.10, A2yet = 0.692).

Conclusions and Relevance: In this meta-analysis, we found a high prevalence of current

and lifetime hyperacusis in individuals with ASD, with a majority of individuals on the autism
spectrum experiencing hyperacusis at some point in their lives. The high prevalence of hyperacusis
in individuals with ASD across the lifespan highlights the need for further research on sound
tolerance in this population and the development of services and/or interventions to reduce the
burden of this common symptom.

Introduction

Hyperacusis is a hearing disorder involving an increased sensitivity to or decreased
tolerance of sound at levels that would not trouble most individuals (Fackrell et al.,

2019). Individuals experiencing hyperacusis report that everyday sounds can be unpleasant,
intense, frightening, painful, or overwhelming and can cause significant anxiety and
distress (Fackrell et al., 2019; Jastreboff & Jastreboff, 2015; Tyler et al., 2014). Ina

pivotal review on this topic, Tyler et al. (2014) suggested that hyperacusis be divided

into four subtypes based on clinical presentation: loudness hyperacusis, pain hyperacusis,
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annoyance hyperacusis, and fear hyperacusis. Notably, a more recent consensus definition
of hyperacusis (Fackrell et al., 2019) states that this condition is distinct from misophonia
(an anger-predominant reaction to specific sounds such as chewing) and phonophobia (a
specific phobia of certain sounds or categories of sounds), which correspond approximately
to Tyler’s categories of “annoyance hyperacusis” and “fear hyperacusis,” respectively. Thus,
within the current study, hyperacusis refers specifically to /oudness hyperacusis, wherein
sounds of moderate intensity are perceived as excessively loud, and pain hyperacusis,
wherein sounds evoke physical pain in the ear or head at levels far below those needed

to cause pain in a typical listener (i.e., approximately 120 dB SPL). Hyperacusis can have
profound effects on the lives of those who experience it, negatively affecting social and
occupational functioning, emotional well-being, hearing, sleep, and concentration (Tyler et
al., 2014).

The prevalence of hyperacusis in the general population is variable, depending both on the
definition of hyperacusis used in a given study and the specific methods used to determine
case status. Based on data from the 2014 National Health Interview Survey, an estimated
5.9% of U.S. adults report sensitivity to everyday sounds based the following question:
“Some people are bothered by everyday sounds or noises that don't bother most people. Do
everyday sounds, such as from a hair dryer, vacuum cleaner, lawnmower, or siren, seem

too loud or annoying to you?” (Zelaya et al., 2015). Additionally, in a large, population-
based Swedish study, self-reported sound intolerance was endorsed by 9% of adults, and
approximately 2% had been diagnosed with hyperacusis by a physician (Paulin et al., 2016).
Hyperacusis in adults is also associated with a range of other disorders, including tinnitus,
hearing impairment, traumatic brain injury, migraine, anxiety disorders, mood disorders, and
functional somatic syndromes such as fibromyalgia and irritable bowel syndrome (Assi et
al., 2018; Cederroth et al., 2020; Paulin et al., 2016; Sheldrake et al., 2015). Hyperacusis
has been less well characterized in the general pediatric population (Potgieter et al., 2020),
although a systematic review of prevalence studies in children and adolescents reported

a range of prevalence rates from 3.2-17.1% (Rosing, Schmidt, et al., 2016). Pediatric
hyperacusis appears to be more common in younger children, and the overwhelming
majority of clinically-referred children are under 10 years of age (Amir et al., 2018; Baguley
et al., 2013; Myne & Kennedy, 2018; Rosing, Kapandais, et al., 2016). Compared to adults,
children with hyperacusis are substantially less likely to present with comorbid hearing loss
or tinnitus and much more likely to have comorbid neurodevelopmental conditions such

as autism spectrum disorder (ASD) or attention deficit-hyperactivity disorder (Amir et al.,
2018; Hall et al., 2016; Myne & Kennedy, 2018; Potgieter et al., 2020). Notably, there has
been little research on the developmental trajectory of hyperacusis across the lifespan, and
it remains unknown how many individuals with childhood-onset hyperacusis continue to
experience symptoms into adulthood.

Research on hyperacusis is still in its infancy; the condition remains medically unexplained
with no definitive etiology or pathophysiology (Pienkowski et al., 2014; Radziwon et al.,
2020; Roberts & Salvi, 2019), and no evidence-based recommendations exist to guide its
diagnosis or treatment. While there are many unresolved questions in hyperacusis research
(Baguley & Hoare, 2018; Fackrell et al., 2019), one area of particular interest is the overlap
of hyperacusis with ASD (Fackrell et al., 2019). In addition to the social communication
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impairments and restricted, repetitive behaviors characteristic of ASD, many individuals on
the autism spectrum exhibit hyper- or hyporeactivity to sensory stimuli, now considered a
core feature of the condition in the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (DSM-5; American Psychiatric Association, 2013; Ben-Sasson et al., 2009,
2019; Hazen et al., 2014). Among the sensory manifestations of ASD, decreased sound
tolerance is common (Gomes et al., 2008; O’Connor, 2012; Stiegler & Davis, 2010), with
studies reporting prevalence rates as high as 86% in this population (Hussein et al., 2019;
Law et al., 2016). Furthermore, of 412 children seeking specialist care for hyperacusis in

a single-center study, 60% had diagnoses of ASD (Amir et al., 2018). In children with
ASD, hyperacusis is associated with reduced participation in family, school, and community
activities, challenging behaviors, increased caregiver burden, and safety concerns for both
children and family members (Hussein et al., 2019; Law et al., 2016). This symptom

can also persist into adulthood (Kuiper et al., 2019; Landon et al., 2016; Robertson &
Simmons, 2015; Tavassoli et al., 2014), contributing to workplace difficulties (Hayward et
al., 2019; Hedley et al., 2018; Lorenz et al., 2016; Robertson & Simmons, 2015), anxiety
(Landon et al., 2016; Simonoff, 2020), avoidance behavior (Landon et al., 2016), and
general distress (Griffith et al., 2011; Jones et al., 2003; Smith & Sharp, 2013). While

it remains unknown whether the hyperacusis observed in ASD is phenomenologically or
physiologically distinct from hyperacusis in other populations, this symptom contributes
substantially to the disability associated with ASD and may serve as a worthwhile target for
clinical intervention.

Although decreased sound tolerance has been recognized as part of the ASD phenotype
since Kanner’s first description of the condition (Kanner, 1943), relatively few studies have
explicitly attempted to assess the proportion of individuals with ASD with hyperacusis.

In one of the only reviews on the topic, Gomes and colleagues (2008) cited prevalence
estimates between 15-100% based on an unsystematic literature search. Another commonly
cited figure is that of Rimland and Edelson (1995), who reported that 40% of children

with ASD exhibit “some symptoms of sound sensitivity” based on an unpublished sample
of over 17,000 parent questionnaires. A more recent online survey study by Law and
colleagues (2016) reported the current and lifetime prevalence of “auditory hypersensitivity”
to be 77.6% and 86.6%, respectively, in a sample of 814 children with ASD. Prevalence
estimates tend to be lower when hyperacusis is assessed using psychoacoustic tests and
behavioral observations, with Rosenhall et al. (1999) reporting a prevalence of 18% based
on the inability to behaviorally tolerate an 80 dB nHL broadband click and Demopoulos

& Lewine (2016) reporting a hyperacusis prevalence of 37% based on speech LDLs three
standard deviations below a control group’s mean score. Given the wide-ranging estimates
of hyperacusis prevalence in the ASD literature, there is a substantial need for more
information regarding the prevalence of this particular symptom in persons on the autism
spectrum. More precise estimates regarding hyperacusis prevalence in this population will
provide crucial background information for adequate medical and audiological evaluation
and service delivery. Additionally, such estimates are necessary to accurately define the
burden of hyperacusis in the ASD population, increasing the recognition of this condition
among the research community and providing a justification for policymakers and funding
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agencies to allocate additional resources to understanding and ameliorating this reportedly
common symptom (Gillum et al., 2011).

Although there has been no quantitative synthesis of the ASD hyperacusis prevalence
literature to date, estimates of hyperacusis prevalence in individuals with ASD are present
in a large number of published studies. Questions assessing decreased sound tolerance are
included in several widely used clinical tools used to assess ASD (Lord et al., 1994; Robins
et al., 2001, 2014; Tomchek & Dunn, 2007), and item-level data for these measures is

often reported, even in cases when hyperacusis is not the focus of a given study. Thus, any
study reporting item-level data for any of these measures can be utilized as an estimate

of the prevalence of hyperacusis in ASD. However, clinical questionnaires and interviews
assess hyperacusis symptoms in variable ways, and these measures differ significantly in
the aspects of sound tolerance that they address and the degree to which they are able to
differentiate hyperacusis from other forms of decreased sound tolerance, such as misophonia
and phonophobia.

One particularly common ASD questionnaire assessing hyperacusis is the Modified
Checklist for Autism in Toddlers (M-CHAT; Robins et al., 2001), which consists of 23
Yes/No questions answered by the parent of a young child. The M-CHAT is widely

used to screen for ASD in children 18-24 months of age (Yuen et al., 2018), and this

tool was recommended by the American Academy of Pediatrics for autism screening in
general pediatric practice (Johnson et al., 2007). Notably, item 11 of the M-CHAT assesses
decreased sound tolerance in the child, stating, “Does your child ever seem oversensitive

to noise? (e.g., plugging ears).” A successor of this form, the M-CHAT Revised with
Follow-up (M-CHAT R/F; Robins et al., 2014), contains a similar item, “Does your child
get upset by everyaay noises? (For example, does your child scream or cry to noise such

as a vacuum cleaner or loud music?),” and affirmative answers to this item are followed

up with more detailed questioning regarding (a) the specific sounds that a child reacts to
(two or more common noises required for credit) and (b) the specific reactions the child

has to these sounds (for the item to be endorsed, child must scream, cry, and/or cover ears
in response to noise and do so most of the time). Items assessing hyperacusis are also
present on questionnaires that assess sensory features of ASD across multiple modalities,
such as the (Short) Sensory Profile (Mclintosh et al., 1999; Z. J. Williams, 2020; Z. J.
Williams et al., 2018), which contains the item, “Responds negatively to unexpected or loud
noises (for example, cries or hides from vacuum cleaner, dog barking, hair dryer).” Notably,
while multiple self-report hyperacusis questionnaires are available for use in the general
population (Fackrell & Hoare, 2018), only one study to date has employed a validated
hyperacusis self-report (the Hyperacusis Questionnaire [HQ]; Khalfa et al., 2002) in an ASD
sample, with 69% of the sample exceeding the HQ cutoff for hyperacusis (Danesh et al.,
2015).

Of the clinical tools commonly used to assess hyperacusis across the ASD research
literature, perhaps the most accurate tool is the Autism Diagnostic Review—Revised (ADI-
R; Lord et al., 1994), a 111-item semi-structured parent interview covering the areas of
reciprocal social interaction, communication and language, and restricted and repetitive
behaviors (including sensory abnormalities). Each item is scored separately for current
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and lifetime presence/severity. One item of the ADI-R (item 72) specifically addresses

the presence of hyperacusis, with the experimenter initially asking “Has [child] ever
seemed oversensitive to noise?’ and following up that question with more specific prompts
such as: Has s/he ever deliberately and regularly put her/his hands over her/his ears in
response to ordinary sounds? Does s/he do this now? To what kinds of sounds?and

Have you ever had to adjust what you do because [child] was so upset by noises? As
described in the ADI-R manual (Rutter et al., 2013), the question is specifically designed

to assess “predictable, generally increased sensitivity to everyday sounds, such as household
appliances or traffic, rather than a reaction to a sudden, harsh, or unexpected noise such

as thunder or a loudspeaker.” Moreover, this question differentiates hyperacusis from other
forms of decreased sound tolerance, as idiosyncratic responses to highly specific sounds (as
would occur in misophonia or phonophobia) are excluded from this item and are instead
covered by item 73 (which assesses hyper-reactivity to specific sensory stimuli in any
modality and includes a prompt assessing misophonia-like features: “Does [child] ever

get unusually upset or irritated by particular sounds such as people coughing or a baby
crying?”). Lastly, in order to receive a score of “1” on item 72 (indicating mild hyperacusis)
or greater, the child must exhibit regular negative reactions to sounds (other than sounds that
are considered excessively loud by most people) for a period of at least three months. As the
ADI-R is considered one of the diagnostic “gold-standard” measures for ASD (Falkmer et
al., 2013), data from this interview are frequently reported in the ASD literature, resulting in
a large number of high-quality assessment of hyperacusis available for synthesis.

In the current study, we aimed to leverage the large amount of published literature on the
prevalence of hyperacusis in ASD to produce quantitatively robust estimates of hyperacusis
prevalence in this population. The current investigation is the first meta-analysis of this
literature, as well as the first quantitative synthesis of hyperacusis prevalence in any
population. In addition to simply calculating the proportion of individuals with current

and lifetime hyperacusis, we also sought to assess the factors responsible for the high
variability in prevalence estimates across studies. As there are few investigations in the
literature systematically examining the relations between hyperacusis prevalence and age,
sex, intellectual ability, or other sociodemographic factors in the ASD population, meta-
analytic information regarding study-level moderators of hyperacusis could potentially
inform research and clinical practice. Thus, the current study employed advanced statistical
approaches to provide pooled estimates of hyperacusis prevalence in individuals with ASD
and test whether a number of methodological and sociodemographic factors significantly
influence prevalence estimates across studies.

Materials and Methods

Search Strategy and Selection Criteria

A systematic review and meta-analysis was conducted in accordance with MOOSE (Stroup
et al., 2000) and PRISMA (Moher et al., 2009) guidelines. We searched PubMed and 83
databases available through the ProQuest search engine (e.g., PSycINFO/PsycARTICLES)
for publications on ASD that reported on decreased sound tolerance, as defined using

a combination of keywords and filters (see Supplemental Methods file for full search
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procedures). Results were limited to peer-reviewed, English-language studies published
between January 1, 1993 and September 29, 2019. Following a previous meta-analysis of
ASD comorbidity (Lai et al., 2019), we restricted our analysis to studies conducted after

the publication and widespread adoption of ICD-10/DSM-IV, when the definition of ASD
was expanded dramatically (Molkmar & McPartland, 2014). Additionally, targeted searches
of Google Scholar using terms such as (“autism diagnostic interview” OR “ADI-R”’) AND
(“sensitivity to noise” OR “item 72”’) were utilized to identify studies in which item-level
data from commonly used ASD clinical measures with indices of hyperacusis were reported.
These searches were supplemented with a targeted search of the gray literature, including
ProQuest Dissertations and Theses and abstracts from the International Society for Autism
Research annual meeting. All articles included in the meta-analysis were then subjected

to forward/backward citation tracing using Google Scholar to identify additional relevant
studies (last search conducted September 18, 2020). References were managed using Papers
software (Readcube, Cambridge, USA).

Author ZJW screened titles/abstracts of all potentially eligible publications, using
predetermined criteria to select studies for full-text review. All studies selected at this stage
reported cross-sectional data, recruited a sample of at least 20 individuals with ASD, and
included some mention of sensory processing, auditory function, or a clinical instrument
known to contain items related to decreased sound tolerance. We excluded case reports,
review articles, and studies focused exclusively on sensory modalities other than audition.
The threshold of 7220 was chosen to maximize the number of included studies while still
limiting small-sample bias (Borenstein et al., 2009; Lai et al., 2019).

Full-text articles were assessed for inclusion by authors ZJW, with author ES independently
reviewing 20% of the articles to evaluate inter-rater reliability of the inclusion criteria
(quantified using percent agreement and Cohen’s (1960) kappa). All disagreements
regarding inclusion were discussed by the two authors until consensus was reached.
Included studies met all of the following criteria: (a) they were peer-reviewed journal
articles, dissertations/theses, or conference presentations, (b) they included at least 20
individuals with diagnosed ASD, confirmed by clinical assessment, parent report, medical
records, or databases with a stated diagnosis, and (c) they reported data from which the
proportion of ASD individuals with current and/or lifetime hyperacusis could be derived (see
Supplemental Methods file for more details). Studies in which individuals screened positive
for ASD but did not receive formal diagnostic evaluations were excluded. Corresponding
authors of studies published since 2015 that met criteria for inclusion but did not report the
proportion of the sample with hyperacusis (e.g., studies reporting item-level data for ADI-R
item 72, but not endorsement frequencies) were contacted via email to request additional
data.

Data Extraction and Assessment

Author ZJW extracted data from all articles according to a standardized protocol (available
on request). Author ES independently extracted data from 20% of included studies,

and reliability of data extraction was assessed using intra-class correlation coefficients
(ICC(3,1); Shrout & Fleiss, 1979). For each included study, we extracted /nasp and
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MHyperacusis for all eligible measures and subgroups. Potential study-level moderators were
also extracted, including publication year, sample size (log transformed), measure timeframe
(current vs. lifetime prevalence), proportion of females in the sample, proportion of sample
with 1Q/DQ<70, mean age, and UN’s 2019 Human Development Index (HDI; Cilingirturk
& Kocgak, 2018) of the study’s country of origin. Additional information on each of these
potential moderators is presented in the Supplemental Methods.

In addition to the above moderators, we graded all studies on an ad-hoc eight-item measure
of study quality derived in part from the criteria used in a previous systematic review of
pediatric hyperacusis prevalence (Nemholt et al., 2015; Rosing, Schmidt, et al., 2016) and
criteria used to grade ASD sample characterization in a prior meta-analysis by our group (Z.
J. Williams, 2020). Studies were assessed on the following eight criteria (see Supplemental
Table S1 for full scoring guidelines): (1) age and sex of the ASD sample are reported,

(2) cognitive ability of the ASD sample is reported, (3) diagnoses of ASD are confirmed
using rigorous criteria, (4) hearing impairment is assessed in the study participants, (5)
participants recruited from an epidemiological population or large-scale registry (hence
being more representative than a typical clinical or community sample; Lai et al., 2019),

(6) method used to define hyperacusis is reported in sufficient detail, (7) method used to
define hyperacusis is likely to have relatively high reliability (i.e., an interview or structured
observation rather than a single questionnaire item), and (8) the hyperacusis measure in
question attempts to differentiate hyperacusis from other forms of decreased sound tolerance
(e.g., by focusing on the loudness of the sound as the aversive quality). Overall quality
scores were calculated as the mean of all eight items, ranging from 0 to 1 with higher scores
reflecting relatively higher study quality. Scores for each item and overall scores for each
included study sample are presented in (Supplemental Tables S2).

Statistical Analysis

All statistical analyses were performed in R (R Core Team, 2020). To model the proportion
of individuals with hyperacusis in each study, we utilized a binomial-normal meta-analysis
model with logit link function (Hamza et al., 2008; Schwarzer et al., 2019; Stijnen et al.,
2010). Multiple independent samples of individuals with ASD reported within the same
article were treated as separate studies in our model. As multiple effect sizes (e.g., both

a current and lifetime prevalence) were often reported for a single study, we utilized a
three-level random-effects meta-analysis model (Cheung, 2014; Pastor & Lazowski, 2017;
Van den Noortgate et al., 2012), treating effect size (level 3) as a random effect nested within
study (level 2). As we chose not to conflate prevalence estimates derived from subjective
measures (i.e., questionnaires and interviews) and objective measures (i.e., behavioral
observations and psychoacoustic tests), separate meta-analysis models were constructed to
analyze prevalence for these two measure categories (see Gomes et al., 2004; Tavassoli et
al., 2019 for further discussion about discrepancies between these measures). In addition, we
performed a sensitivity analysis by analyzing only the studies that used item 72 of the ADI-
R as their measure of hyperacusis prevalence. In addition to the systematic and standardized
way that the ADI-R characterizes hyperacusis in ASD, another strength of this sensitivity
analysis is the fact that none of the included ADI-R studies had the explicit goal of analyzing
hyperacusis prevalence, reducing the chances of ADI-R prevalence estimates being affected
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by publication bias. The meta-analysis models for the subjective measure category (and the
ADI-R sensitivity analysis) also included a fixed effect of measure timeframe (i.e., current
vs. lifetime) in order to account for the necessarily higher estimates reported by lifetime
measures.

Model estimation was performed in a Bayesian framework using the R package brms
(Burkner, 2017, 2018). Weakly informative priors were employed, with a Normal(0,1) prior
on logit-transformed regression coefficients (including intercept) and a Half-Cauchy(0.3)
prior on the standard deviations of the random intercept terms (D. R. Williams et al.,

2018). We utilized the posterior mode and the 95% highest density credible interval (Crl) to
summarize parameter distributions. Additional information on model estimation and choice
of priors can be found in the Supplemental Methods file.

To assess the heterogeneity of studies in our analysis, we calculated a multilevel /2 statistic
(Higgins & Thompson, 2002), quantifying heterogeneity from the study and effect size
levels combined. In addition, we reported the /CC(2) coefficient proposed by Cheung
(2014), reflecting the proportion of /2 attributable to between-study (level 2) variance. As
a more intuitive measure of study heterogeneity, we also calculated a model-based 95%
prediction interval (PI; IntHout et al., 2016). Conditional on the observed data and prior
information, there is a 95% chance that a future estimate of hyperacusis prevalence in
ASD will lie within the 95% PI, and thus this interval is helpful to visualize the potential
distribution of effects to be expected from future studies on this topic.

As the majority of studies in our analysis did not report hyperacusis prevalence as a primary
outcome (and in many cases reported it incidentally), we did not expect to encounter
substantial publication bias in this body of literature. Furthermore, as a prevalence figure

is not typically tested for statistical significance, we felt it unlikely that the estimates in

our meta-analysis would be subject to the “significance chasing” publication bias often seen
in the biomedical and social sciences (Ware & Munafd, 2015). Nevertheless, we sought

to mitigate publication bias in our prevalence estimates by performing a comprehensive
gray-literature search and including a large number of unpublished theses and conference
abstracts in our analyses. As standard quantitative measures of publication bias have not
been validated for use in a three-level meta-analysis framework, we chose to graphically
assess publication bias in each meta-analytic model via the examination of funnel plots.

Potential moderators of hyperacusis prevalence were analyzed using Bayesian meta-
regression. Moderators of interest included publication year (see Rgdgaard et al., 2019),
log-transformed sample size (included as a supplementary test of “small-study” publication
bias; Sterne et al., 2000), study-level demographic variables (i.e., mean age of the study
sample, proportion of females in the sample, and the proportion of individuals in the sample
with cognitive abilities in the intellectually disabled range [IQ or DQ < 70]; Lai et al., 2019),
2019 UN HDI, and total study quality score.

We chose only to analyze moderators of currenthyperacusis prevalence in order to
eliminate unmodeled interactions between measure timeframe and other potential moderator
variables. Meta-regression analyses were only performed for the subjective prevalence
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model and the ADI-R only model, as the objective model contained fewer than 15 studies
(Borenstein et al., 2009; Lai et al., 2019). Missing moderator values were handled via
10-fold random-forest imputation, implemented using the missForest R package (Shah et
al., 2014; Stekhoven, 2013; Stekhoven & BiihImann, 2012). Each meta-regression model
was compared to its respective baseline (intercept-only) model using a Bayes factor (BFg)
calculated via bridge sampling (Gronau et al., 2017, 2020). BFq values greater than 3
provide significant evidence in favor of the tested moderator effect, whereas values less
than 1/3 provide significant evidence againstthat effect, and values between 1/3 and 3

are deemed inconclusive (Wagenmakers et al., 2011). Bayes factors derived from multiply
imputed data were defined as the arithmetic mean of the individual Bayes factors computed
from each imputed dataset (Hoijtink et al., 2019).

The initial database search identified 10255 records, with an additional 506 records being
identified via our gray literature search and forward/backward citation tracing. After
removing duplicate entries, titles and abstracts from the remaining 7783 articles were
screened to determine eligibility for full-text review. Of these, 641 articles were subjected to
full-text review, and 67 were found to meet criteria for inclusion in the study (Supplemental
Table S1-S2), including one study for which eligible data were obtained via author contact
(Carrington et al., 2019). Inter-rater agreement was excellent for both study inclusion
decisions (95% agreement, x = 0.905) and data extraction [/C((3,1) = 1.00]. A full
PRISMA flow diagram is presented in Figure 1.

In total, we extracted 111 estimates of hyperacusis prevalence (103 subjective [25 ADI-
R], 8 objective) from 91 independent samples, representing data from 13433 individuals
with ASD (see Supplemental Tables S2-S3 for details of included studies). Estimates of
hyperacusis prevalence ranged from 4-86% (median 43.75%). Individuals included in these
studies were predominantly young children (mean age = 7.88 years), 78.3% were male,
and 60.2% had 1Q/DQ > 70, although demographics varied widely between studies. Study
quality scores varied substantially between studies, ranging from 0.125 to 0.938, with a
mean of 0.506 and standard deviation of 0.203 (Supplemental Table S2). Studies using
objective measures had slightly higher quality scores (M= 0.632, SD = 0.143) than studies
using subjective measures (M= 0.496, SD = 0.204), although the subset of subjective
studies that used the ADI-R to ascertain hyperacusis status scored highly on our quality
metric (M =0.780, SD=0.06).

Based on our meta-analytic models, the pooled prevalence of current hyperacusis was
41.42% (95% Crl [37.23, 45.84]) when assessed with an interview/questionnaire (Table

1; Figure 2) and 27.30% [14.92, 46.31] when assessed using an observational/objective
measure (see Supplemental Figure S1 for a graphical representation of the objective model).
The pooled lifetime prevalence of hyperacusis in ASD (subjective measures only) was
substantially higher at 60.58% [50.37, 69.76]. When restricting analyses to just those studies
utilizing the ADI-R, point estimates of both current prevalence (48.78% [42.48, 54.91])

and lifetime prevalence (64.25% [53.81, 72.60]) were slightly higher than the full sample

of studies using subjective measures. However, there was inconclusive evidence to suggest
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that prevalence rates derived from the ADI-R were different from those obtained using
other subjective measures (BF; = 0.53, R2et = 0.017). All meta-analytic models displayed
substantial heterogeneity (2 > 90%), resulting in wide 95% Pls (Table 1; see Supplemental
Table S4 for additional heterogeneity metrics). Funnel plots were largely symmetric (see
Supplemental Figure S2), reflecting minimal publication bias in the included studies.

None of the tested moderator variables significantly influenced the prevalence of current
hyperacusis across the full sample of subjective studies (Table 2). While the majority of
moderator analyses were inconclusive, Bayes factors provided substantial evidence against
the moderating role of publication year. Additionally, there was slight evidence /n favor of

a moderating role of age (BFg = 1.528), with 10.1% of the heterogeneity in prevalence
estimates attributable to age. Exploratory post-hoc plotting of this relationship revealed an
inverted-U shaped trend, with hyperacusis prevalence in ASD increasing from childhood to
adolescence, peaking at approximately age 15-16, and declining thereafter (Supplemental
Figure S3). Bayes factors were also inconclusive regarding the moderating effects of sex
ratio (BF1o = 0.404), the proportion of the sample with intellectual disability (BFg = 0.466),
and study quality (BF1g = 0.462); however, these variables explained negligible amounts

of between-study heterogeneity (R2net < 0.01), indicating that they were unlikely to be
meaningful determinants of hyperacusis prevalence in the ASD population. When analyzing
studies reporting current hyperacusis prevalence using the ADI-R (k= 17, nasp = 3363),
the mean age of study participants was a significant moderator of prevalence, explaining the
majority of between-study heterogeneity (BF;p = 93.10, AR2et = 0.692). Estimated ADI-R
hyperacusis prevalence increased substantially with age, rising from 35.12% at 2 years to
71.50% at 14 years (Figure 3). Bayes factors provided significant evidence against the
moderation of ADI-R prevalence estimates by sample size (BF;g = 0.25), and all other
moderator analyses were inconclusive, including sex ratio, proportion of the sample with
intellectual disability, publication year, and study quality.

Discussion

In this study, we performed the first quantitative synthesis of the literature on hyperacusis in
ASD, meta-analyzing the prevalence of co-occurring hyperacusis in over 13000 individuals
on the autism spectrum. Based on a heterogeneous mixture of interview and questionnaire
measures, our meta-analytic models estimated that the current prevalence of hyperacusis in
the ASD population is between 37-45%, with approximately 50-70% of individuals with
ASD exhibiting signs of hyperacusis at some point in their lives. These estimates were not
appreciably altered when only considering studies utilizing the ADI-R (a “gold-standard”
structured ASD symptom interview), although the few studies assessing hyperacusis via
behavioral observations or objective tests reported modestly lower (current) prevalence rates
(15-46%). Remarkably, the current prevalence estimate from our study is very similar to the
oft-cited 40% figure reported by Rimland and Edelson (1995). Considering that ASD affects
approximately 2% of the American population (Dietz et al., 2020; Maenner et al., 2020),
these results suggest that between 2.4-3 million individuals with ASD in the U.S. currently
experience symptoms of hyperacusis.
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Like other meta-analyses of ASD comorbidity (Lai et al., 2019), the included prevalence
estimates in the present study were extremely heterogeneous, with estimated # values
greater than 90% in all three of our models and extremely wide 95% PlIs. Interestingly,
none of the proposed moderator variables were found to explain a significant portion of
heterogeneity in (interview/questionnaire) prevalence estimates, suggesting that the vast
majority of between-study heterogeneity is not attributable to sample demographics or easily
quantified study-level variables. As the diverse questionnaire and interview methods used
to ascertain hyperacusis status surely contributed to observed heterogeneity, we performed
a sensitivity analysis, restricting our sample to prevalence estimates based on the ADI-R, a
well-validated clinical interview that includes rigorous assessment of hyperacusis severity.
Using Bayesian meta-regression, we determined that nearly 70% of the between-study
heterogeneity in ADI-R current prevalence estimates was due to the age of the study
sample, with older individuals on average tending to report substantially higher rates of
hyperacusis than younger individuals. Notably, the age range of the current ADI-R studies
(2-14 years) did not include adults, potentially accounting for the inconclusive moderation
by age seen in the full sample. Although data from adult samples were relatively scarce
(k(3) = 6), post-hoc examination of the association between current hyperacusis prevalence
and age across all subjective studies revealed an inverted U-shaped relationship, with
prevalence peaking in adolescence and declining in adulthood (see Supplemental Figure
S3 for a graphical representation of this pattern). Additional studies are necessary to more
precisely determine the prevalence of hyperacusis in older adolescents and adults with ASD,
providing fundamental information about the trajectory of hyperacusis symptoms over the
lifespan.

Strengths of the current study include the large and diverse body of literature collected for
analysis via extensive search procedures, sample demographics similar to the broader ASD
population (cf. Maenner et al., 2020), the use of statistically robust Bayesian hierarchical
models, the simultaneous assessment of current and lifetime prevalence, and the inclusion
of a sensitivity analysis to eliminate heterogeneity caused by measurement instrument.
However, our study is not without limitations. Much like the prevalence study of Lai

et al. (2019), we chose to only extract prevalence estimates from individuals with ASD,
preventing us from calculating odds ratios comparing the prevalence of hyperacusis in
ASD to that in the general population. The estimates included in our study were also
extremely heterogeneous (£ > 0.90). Although we used meta-regression to test a number
of potential moderators of prevalence across studies and found age to be a meaningful
predictor of hyperacusis prevalence, much between-study heterogeneity was nevertheless
left unexplained. Thus, a number of still unexplained variables, such as the particular
inclusion/exclusion criteria and study questions of each sample, may exert substantial
influence over reported prevalence estimates. We were also unable to rule out a number

of putative moderators of hyperacusis prevalence estimates, including sex ratio, proportion
of the sample with intellectual disability, HDI, and study quality (for which findings were
inconclusive). Future research on this topic should therefore attempt to further define
specific sociodemographic and methodological factors that affect estimates of hyperacusis
prevalence in the ASD population.
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One major contributor to the heterogeneity between studies was the criteria used to assess
hyperacusis. As no clinical consensus has been reached regarding the optimal diagnostic
procedure for hyperacusis in ASD, we chose to include studies in which authors made

the determination of hyperacusis status based on their own criteria, as well as studies that
employed face-valid single item measures of decreased sound tolerance. Notably, many
items used to assess hyperacusis (such as the item Does your child ever seem oversensitive
to noise? (e.g., plugging ears) on the M-CHAT) were worded to assess sound intolerance
broadly, possibly conflating the presence of hyperacusis with phonophobia, misophonia, or
other constructs such as inability to focus in the presence of background noise. However,
this is not the case for the ADI-R, which includes a great deal of additional questioning and
interviewer guidance to specifically differentiate hyperacusis from related sound tolerance
conditions. As prevalence estimates did not meaningfully change when restricting our
analyses to only those studies assessing hyperacusis using the ADI-R, we are relatively
confident that the prevalence figures reported are not substantially inflated by the inclusion
of additional non-hyperacusis sound tolerance complaints.

While broad inclusion criteria allowed us to gather a large and diverse sample of studies,
it also resulted in high between-study heterogeneity, limiting our conclusions about the
prevalence of hyperacusis that can be expected in later studies. Future research should
attempt to define a diagnostic “gold-standard” for hyperacusis (e.g., based on loudness
discomfort levels, as suggested by Aazh & Moore, 2017), which can then be used to
provide more reliable and valid prevalence estimates of this condition in ASD and other
populations of interest. An additional limitation of our study was the inability to determine
the severity of hyperacusis symptoms. A sizable portion of individuals with ASD and
hyperacusis may have relatively mild symptoms (Bennett et al., 2019; Law et al., 2016),
and thus the number of individuals with hyperacusis severe enough to warrant clinical
intervention remains unclear. Lastly, although we examined the association between age
and hyperacusis prevalence, all studies included in our meta-analysis were cross-sectional,
limiting the conclusions we are able to draw about the developmental trajectories of
hyperacusis symptoms. Longitudinal evaluations of hyperacusis severity in ASD are thus
needed to further understand these trajectories and identify the factors that best predict the
remission of hyperacusis symptoms with age.

In conclusion, our meta-analysis suggests that hyperacusis is extremely common in
individuals with ASD, with prevalence rates greater than those of most major mental
disorders that commonly co-occur with autism (Lai et al., 2019). The prevalence of
hyperacusis was similar across a range of questionnaire and interview measures, and despite
a large amount of heterogeneity, prevalence estimates were relatively unaffected by study-
level factors including sex ratio and cognitive ability. Based on ADI-R data, the prevalence
of hyperacusis appears to increase with age until adolescence, but preliminary evidence
from older samples suggests that hyperacusis symptoms may remit in adulthood for some
individuals. Additional research in older individuals on the spectrum is necessary for a high
level of confidence in this finding. By demonstrating the frequency of comorbid hyperacusis
in ASD, our study highlights the need for health care providers to assess, monitor, and
accommodate decreased sound tolerance in individuals with ASD across the lifespan.
Furthermore, as there is currently insufficient evidence to recommend any behavioral or
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pharmacological treatment for hyperacusis in ASD (Fung et al., 2012; Sandbank et al.,
2020; Schoen et al., 2019; Sinha et al., 2006; Weitlauf et al., 2017), additional research

is desperately needed to develop and evaluate clinical interventions targeting this common
symptom (Fackrell et al., 2019).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PRISMA flow diagram detailing the identification, screening and selection of studies
for inclusion in the analysis

Note. “Database searching” includes searches of PubMed, ProQuest, ProQuest Dissertations
and Theses, and targeted Google Scholar searches. Studies identified through other sources
include 470 abstracts from the 2015-2019 International Society for Autism Research
(INSAR) annual meetings and 46 potentially eligible studies identified by forward and
backward citation tracing of included articles. Specific keywords and full details of the
search procedure are available in the Supplemental Methods.
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Figure 2. Posterior density forest plot of current and lifetime hyperacusis prevalencein
individuals with autism spectrum disorder using subjective measures

Note. Current prevalence estimates are colored blue, while lifetime prevalence estimates are
colored red. Studies utilizing the Autism Diagnostic Interview—Revised (ADI-R) are marked
with an asterisk (*). The estimated prevalence and 95% credible interval (Crl) for each
study represent the posterior distribution of the prevalence in that sample, conditional on
prior beliefs and the observed data. Raw prevalence values from each study can be found in
Supplemental Table S1.
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Figure 3. Moderation of current hyperacusis prevalence (ADI-R estimates) by sample age
(A) Meta-analytic scatter plot depicting the relationship between mean age and current

hyperacusis prevalence estimates in studies using the Autism Diagnostic Interview—Revised
(ADI-R). Plotted points are proportional to the sample size of each study. Fitted values from
the Bayesian meta-regression model indicate that the prevalence of hyperacusis in autism
spectrum disorder (ASD) increases substantially between early childhood and adolescence.
(B) Posterior density plot of model-estimated prevalence values at ages 2, 5, 8, 11, and 14
years, compared to the marginal point prevalence of hyperacusis as measured by ADI-R item

72.
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Table 2

Bayes Factors and Heterogeneity Explained for Each Meta-Regression Model

SubjectiveModel ~ ADI-R Model
Moderator Variable

BF1o R2uya BFo RZuq
Publication Year 0.018 0.001 0.476  0.260
Sample Size (log-transformed)  1.286 0.059 0251  0.006
Mean Age 1.528 0.101 93.100 0.692
Proportion Female 0.404  -0.005 1.057 <0.001
Proportion 1Q/DQ < 70 0.466 0.010 1.521 0.152
Study Quality Score 0.462 -0.008 1.175 0.039
HDI 0.856 0.012 1.004 -0.017

Page 28

Note. Values in bold indicate that a variable was a significant moderator in that model (i.e., BF10 > 3), whereas values in italics indicate that
the moderating relationship of that variable was rejected (i.e., BF10 < 1/3). All other values are inconclusive. BA)1 = Model comparison Bayes

factor; RZHet = proportion of total heterogeneity explained by the moderator variable; ADI-R = Autism Diagnostic Interview—Revised; 1Q/DQ =
Intelligence Quotient/Developmental Quotient; ASD = Autism Spectrum Disorder; HDI = United Nations 2019 Human Development Index.
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