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What sound sources trigger misophonia? Not just
chewing and breathing
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cular environmental sounds. Oral/nasal sounds (e.g.,

variable experiences warrant an objective investigation.
Experiment 1 asked whether human-produced oral/nasal
sounds were more aversive than human-produced nonoral/
nasal sounds and non-human/nature sounds. Experiment 2
additionally asked whether machine-learning algorithms
could predict the presence and severity of misophonia.
Method: Sounds were presented to individuals with mis-
ophonia (Exp.1: N =48, Exp.2: N = 45) and members of the
general population (Exp.1: N=39, Exp.2: N=61). Aver-
siveness ratings to each sound were self-reported.
Results: Sounds from all three source categories—not just
oral/nasal sounds—were rated as significantly more aver-
sive to individuals with misophonia than controls. Further,
modeling all sources classified misophonia with 89% ac-
curacy and significantly predicted misophonia sever-
ity (r=0.75).

Conclusions: Misophonia should be conceptualized as
more than an aversion to oral/nasal sounds, which has
implications for future diagnostics and experimental con-

sistency moving forward.
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1 | INTRODUCTION

When nails scrape against a chalkboard or someone screams, most people have an immediate adverse reaction to
the sound: their attention is instantly captured, they might wince or be irritated by it, and they look to make it stop.
These generally aversive sounds are often loud, rough, and high frequency, and are thought to elicit a negative
reaction to aid survival (Halpern et al., 1986). Some individuals, however, experience similar discomfort to certain
seemingly innocuous soft sounds in the environment. For instance, sounds like chewing, breathing, or tapping may
evoke similar feelings of anxiety, panic, anger, or even rage in these individuals. Individuals with these experiences
are said to have “misophonia,” a term coined by Jastreboff and Jastreboff who described the condition as involving
negative reactions to specific sounds and/or sounds that occur in specific contexts, but otherwise normal tolerance
for other sounds (Jastreboff & Jastreboff, 2002). These experiences are not uncommon and can be quite severe; it
has been estimated that misophonic impairments may exist in about 20% of the general population (Wu et al.,
2014; Zhou et al., 2017), with one in five sufferers indicating thoughts of suicide because of the sounds (Rouw &
Erfanian, 2017).

Despite its apparent prevalence, misophonia research is still in its nascency (see Brout et al., 2018 for a
review), and misophonia is not currently listed as a mental health disorder in the American Psychiatric Associa-
tion's Diagnostic and Statistical Manual of Mental Disorders (DSM-5; American Psychiatric Association, 2013). Re-
searchers who have explored symptom patterns and comorbidity of sufferers suggest misophonia be considered a
discrete psychiatric disorder (Rouw & Erfanian, 2017; Schroder et al., 2013). Schréder et al. (2013) went so far as
to propose their own diagnostic criteria, including the stipulation that “the presence or anticipation of a specific
sound, produced by a human being (e.g., eating sounds, breathing sounds), provokes an impulsive aversive physical
reaction which starts with irritation or disgust that instantaneously becomes anger.” Although a valuable stepping
stone, we argue that the scope of this definition should be reconsidered, in part because of its limited conception of
sounds that qualify as triggering. For example, case studies suggest that individuals with misophonia express
annoyance for a variety of sounds, not all produced by a human (e.g., dogs barking, glasses clinking, nail picking,
door slamming, specific songs, etc.) (Ferreira et al., 2013; Hadjipavlou et al., 2008; Johnson et al., 2013; Neal &
Cavanna, 2013; Webber et al., 2014). Larger questionnaires and interviews show that frequently reported trigger
sounds include eating sounds (e.g., chewing), breathing noises (e.g., sniffling), sounds made by the body (e.g.,
shuffling feet), and sounds made by objects (e.g., clock ticking) (Edelstein et al., 2013). Some psychiatric interviews
have concluded that all trigger sounds are oral or nasal sounds produced by humans (Schréder et al., 2013)—a
point supported by a meta-analysis of clinical case studies (Taylor, 2017)—but other larger clinical evaluations
describe a plethora of non-human trigger sounds reported by patients (e.g., school bells, refrigerator humming
(Jastreboff & Jastreboff, 2014). Because vast individual differences seem to exist in the types of stimuli that
individuals with misophonia find aversive, Dozier et al. (2017) suggest updating the criteria proposed by Schréder
et al. (2013). However, thus far there has been no experimental evidence supporting whether or not sounds need
to be produced by a human being (or be oral or nasal) to be bothersome.

Since these results are discordant, further research is necessary. Moreover, these results are drawn from
interviews; few studies have experimentally presented auditory stimuli to individuals with misophonia to in-
vestigate the types of stimuli that are aversive. Of those studies that have, we have learned that participants with
misophonia find auditory stimuli more bothersome than visual stimuli (Edelstein et al., 2013), individuals with
higher misophonic sensitivity have decreased cognitive performance in the presence of gum chewing (Seaborne &
Fiorella, 2018), and individuals with misophonia have higher activity in the anterior insular cortex (Kumar et al.,
2017), anterior cingulate cortex and superior temporal cortex (Schroder et al., 2019) when listening to trigger
sounds. These physiological and neuroimaging experiments are valuable steps forward in investigating the me-
chanisms of misophonia. However, these experiments were not designed to determine what particular sounds
trigger misophonia and mainly used human-produced oral/nasal sounds as their triggering stimuli.
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Given the vagueness by which misophonia is defined and the reliance on interviews to understand the nuances
of a seemingly prevalent condition, an empirical exploration into the types of sounds that are triggering to
individuals with misophonia is necessary. A consensus on what sounds constitute misophonia would help in future
diagnosis, as well as lay a foundation for appropriate stimuli to use in experiments moving forward. Does the
source of a sound matter in determining whether it will bother an individual with misophonia? That is, does the
sound need to be produced by a human being or be oral/nasal to be triggering? The present study aims to address
these questions. Experiment 1 presents self-described individuals with misophonia and healthy controls with 30
everyday sounds from three different source categories: (1) human-produced oral/nasal sounds (e.g., chewing gum),
(2) human-produced nonoral/nasal sounds (e.g., clicking a pen), and (3) non-human/nature sounds (e.g., clock
ticking). Self-report behavioral measures were obtained. Experiment 2 replicates and generalizes Experiment 1 to a
novel and larger online sound bank, using 125 sounds in total. Additionally, Experiment 2 uses machine learning
methods to generate independent predictions of (i) misophonia level and (ii) misophonia classification for each

individual based only on their discomfort ratings to the sound bank.

2 | EXPERIMENT 1
21 | Method
2.1.1 | Stimuli

Thirty auditory clips were used as stimuli in this experiment. The clips were pulled from freesound.org and an
online stimulus set (Norman-Haignere et al., 2015). Stimuli were chosen based off sounds commonly reported in
the literature to be triggering to individuals with misophonia, as well as other everyday background sounds that
retained the same soft, repetitive nature as commonly reported triggers. Sounds were vetted and sorted into the
three source categories by a majority consensus of five independent raters. Human-produced oral/nasal sounds
(hereafter “Source 1”) included crunching chips, breathing, coughing, chewing gum, slurping, sneezing, sniffling,
snoring, swallowing, and throat clearing. Human-produced nonoral/nasal sounds (hereafter “Source 2”) included
bouncing a basketball, chopping vegetables, hammering, walking in heels, clicking a mouse, clipping nails, clicking a
pen, swinging on a swingset, typing, and writing. Non-human/nature sounds (hereafter “Source 3”) included a bird
chirping, clock ticking, crow cawing, dog drinking water, frog croaking, printer, water dripping, wind howling, wind
chimes, and windshield wipers.

All sounds were 15 s in duration, stereophonic, and matched for amplitude using RMS in Adobe Audition CC
(v10.0.0.130, Adobe Systems Incorporated, 2017). Minimal edits were made (e.g., noise reduction, slowing, crop-

ping, or looping) using Audition and Audacity® (v2.1.3, Audacity Team, 2017).

2.1.2 | Surveys

Each participant's misophonia level was determined via three misophonia assessment surveys. All participants
completed the Misophonia Activation Scale (MAS-1; Fitzmaurice, 2014), the Misophonia Assessment Ques-
tionnaire (MAQ-2; Johnson & Dozier, 2013), and the Amsterdam Misophonia Scale (A-MISO-S; Schréder
et al,, 2013).

Additionally, to probe any comorbid effects with other psychiatric conditions, all participants completed the
Obsessive Compulsive Inventory-Revised (OCI-R; Foa et al., 2002) and Depression Anxiety Stress Scale-21 (DASS-
21; Lovibond & Lovibond, 1995).
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2.1.3 | Participants

Misophonia

Forty-eight individuals (28 females, 20 males, mean age = 33.2 years) with self-diagnosed misophonia were in-
cluded in this experiment. Participants with misophonia needed to self-report an average response greater than or
equal to a 4 out of 10 on the MAS-1 to be eligible for the study. According to a composite score that equally
weighted the three misophonic assessment surveys, in which higher scores denote worse misophonia, the group
with misophonia had a mean misophonia level of 59.4 out of 100 (range = 28.5-83.4). All individuals with mis-
ophonia self-reported normal or corrected-to-normal vision and hearing (i.e., no hearing loss). Individuals were
recruited via online misophonia support groups on Facebook and Reddit, and volunteered to participate.

Control

Thirty-nine individuals (23 females, 16 males, mean age = 19.6 years) from the general population were also
included in this experiment. All individuals self-reported normal or corrected-to-normal vision and hearing (i.e., no
hearing loss). All individuals were recruited from the Psychology undergraduate research pool at The Ohio State
University and received course credit for their participation.

The entire group of 39 individuals had a mean composite misophonia level of 19.0 (range = 4.0-65.8). Given
that individuals with misophonia likely exist in the general population, the opposite criterion as above was used to
establish a control group: only individuals with an average self-reported response less than a 4 out of 10 on the
MAS-1 were kept in the analyses (hereafter referred to as “controls”). The control group consisted of 32 individuals
(19 females, 13 males, mean age = 19.6 years) with a mean misophonia level of 15.4 (range = 4.0-52.8). It is worth
noting that 17.9% (7/39) of participants were excluded, supporting previous findings that misophonia exists in
about 20% of the general population (Wu et al., 2014; Zhou et al., 2017).

Participant scores on the individual misophonia assessments, including a distinction of which participants from
the general population were included as controls, can be found in Supporting Information S1.

All experimental methods were approved by The Ohio State University Institutional Review Board, and all
participants gave informed consent to participate.

214 | Procedure

All participants received a link to the online experiment through Qualtrics, a secure administration software
(Qualtrics). Participants were required to take the experiment wearing headphones from a desktop or laptop. To
verify this, participants were given a brief headphone check (Woods et al., 2017) after giving consent to participate,
and told to adjust volume to a comfortable level; only participants who passed the headphone check and had a
browser that enabled Adobe Flash Player could proceed.

For the actual experiment, participants were presented with each of the 30 auditory clips one at a time for 15 s
each. While listening to the sound, participants viewed the word “Listen” and were required to listen to the entirety
of the 15s sound before the screen automatically advanced to a response screen. Participants were asked to
identify the previous sound by typing into a textbox (see Figure S1 and Supporting Information 2 for discussion of
these results), and asked to rate the sound's aversiveness to questions including “How pleasant was the sound?”
and “How much discomfort did you feel during the sound?,” by clicking one response on a 5-point ordinal scale. The
unpleasantness rating is scaled from “extremely pleasant” (1) to “extremely unpleasant” (5), with labeled steps in
between; the unpleasantness rating aimed to capture typical sound aversiveness. The discomfort rating is scaled
from “none at all” (1) to “an extreme amount” (5), with labeled steps in between; the discomfort rating aimed to
capture the evoked misophonic reaction. Participants were required to spend a minimum of 5s on the response



HANSEN ET AL Wl LEY 5

page before they could submit it, with no maximum time cutoff. After clicking to submit their responses, the next
trial began with a new auditory clip. Presentation of the 30 sounds was randomized for each participant.

Upon completion of all 30 sounds, participants viewed a webpage debriefing them on the experiment, ex-
plaining what misophonia is, and defining misophonic terms (e.g., “triggers”) present in the assessment scales since
the items are geared toward a misophonic audience. At the end, they completed the surveys listed above and
reported demographic information. The surveys were done last to avoid demand characteristics with sound ratings.

The entire experiment took 30-60 min to complete.

2.1.5 | Analyses

We used mixed ANOVAs, Student's t tests, and Pearson's correlations to assess the differences in source cate-
gories between individuals with misophonia and controls. For analyses in which multiple comparisons were con-
ducted, we used the Holm-Bonferroni method (Holm, 1979) to control the familywise Type | error rate (corrected p

values are denoted by pyg).

2.2 | Results

2.2.1 | Source categories

First, we explored whether individuals with misophonia were more bothered by sounds from certain source
categories than others, and how this compared to control individuals (without misophonia). Using a 2 (group:
misophonia vs. control, between-subjects) x 3 (source category: 1 [human oral/nasal] vs. 2 [human nonoral/nasal]

vs. 3 [non-human/nature], within-subjects) mixed ANOVA, a group x source category interaction was assessed
separately for both the unpleasantness and discomfort ratings (Figure 1). For both ratings, there were signficant

Mean Aversiveness Ratings by Source Category
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FIGURE 1 Mean aversiveness ratings by source category. Blue = Source 1, yellow = Source 2, green = Source 3.
Dark bars = individuals with misophonia, light bars = controls. Error bars depict standard error of the mean.
Significance only shown for between group differences. *<.05, **<.01, ***<.001 [Color figure can be viewed at
wileyonlinelibrary.com]
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main effects of group (unpleasantness: (F(1,78) = 21.280, pyg = 3.0 x 107>, r;,,z =0.214, discomfort: F(1,78) = 15.295,
pre = 3.9 x 1074, 7,2=0.164) and source category (unpleasantness: F(2,77) = 269.279, pug = 5.250 x 1073%, 5,2 =
0.875, discomfort: F(2,77) = 135.487, pyg = 1.809 x 1072, npz =0.779). Likewise, the interactions were significant
for both the unpleasantness rating (F(2,77)=3.998, pyg=0.022, np2 =0.094) and the discomfort rating
(F(2,77) = 5.327, pyg =0.005, r;pz =0.122). Compared to controls, individuals with misophonia rated more un-
pleasantness and felt more discomfort when listening to human-produced oral/nasal sounds (unpleasantness:
t(78) = 3.665, pyp = 8.980 x 1074, discomfort: t(78) = 3.940, pyg = 4.447 x 10~%) and human-produced nonoral/nasal
sounds (unpleasantness: t(78) = 4.766, pyg = 2.561 x 107>, discomfort: t(78) = 3.303, pyg = 0.002), with a smaller but
still significant difference when listening to non-human/nature sounds (unpleasantness: t(78) = 2.219, pyg = 0.029,
discomfort: t(78) = 2.455, pyg = 0.016).

Further, within each sample, there were differences in aversiveness ratings for sounds from different sources.
Individuals with misophonia rated Source 1 sounds as significantly more unpleasant (t(47) = 9.671, pug = 1.9 x 107*?) and
evoking more discomfort (t(47) = 10.884, pyg = 3.9 x 107 than Source 2 sounds, which in turn were more unpleasant
(t(47) = 9.122, pus =5.7%x 102 and evoked more discomfort (t(47) =4.127, pug = 1.5 10™%) than Source 3 sounds.
Accordingly, Source 1 sounds were rated by individuals with misophonia as significantly more unpleasant (t(47) = 17.173,
pug = 2.1 x 10721) and evoking more discomfort (t(47) = 13.957, pyg = 7.4 x 1078) than Source 3 sounds. Controls likewise
rated Source 1 sounds as significantly more unpleasant (t(31) = 12.505, pyg = 24 x 10"*%) and evoking more discomfort
(t(31) = 9.988, ps = 6.6 x 10™1Y) than Source 2 sounds, as well as being more unpleasant (£(31) = 17.650, pyg = 2.3 x 10°%)
and evoking more discomfort (t(31) = 10.722, pug = 1.8 x 1071%) than Source 3 sounds. However, Source 2 sounds were
only rated as more unpleasant than Source 3 sounds (t(31) = 5.777, pug = 2.3 x 10”°); the difference in evoked discomfort
did not reach significance (t(31) = 1.895, pyg = 0.068) between them. Thus, individuals with misophonia show clearly
differentiated discomfort to different sound sources, whereas controls only find Source 1 sounds particularly bothersome.
For a depiction of how each individual with misophonia rated sounds from all three sources on average, see Supporting
Information 3 (Figure S2).

2.2.2 | Ratings based on misophonia level

There are vast individual differences in the specific triggers that bother individuals with misophonia, and the present
experiment had samples with a wide range of misophonia levels. Additionally, given that misophonia may exist on a
spectrum and be present to some extent in the general population, we wanted to look at how ratings to each of the three
sources were influenced by misophonia level in our entire sample of participants—both individuals with misophonia
(N =48) and from the general population (N =39)—not just the misophonia group versus the control group. Figure 2
depicts the correlations between average discomfort rating for each source category and composite misophonia level. The
correlations are significant for both Source 1 and Source 2 ratings, for both samples collapsed (Source 1: r=0.576,
pue < 1x 107>, Source 2: r=0.473, pyg<1x107°) and for each sample separately (Source 1—Misophonia: r=0.595,
pug < 1x 107, General population: r =0.331, pug = 0.040; Source 2—Misophonia: r = 0.324, pyg = 0.025, General popu-
lation: r=0.373, pyg=0.039). However, using Source 3, the correlation is only significant with samples collapsed
(r=0.322, pyg=0.007), not within the samples separately (Misophonia: r=0.281, pyg=0.105, General population:
r=0.066, pyg = 0.689). This suggests that the extent to which an individual has misophonia maps onto how bothersome

they find sounds from all three source categories, with particularly robust effects for Source 1 and Source 2 sounds.

2.3 | Discussion

We asked whether sounds from different source categories would evoke different ratings of unpleasantness or

discomfort between individuals with misophonia and controls. As evidenced by Figure 1, although controls
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FIGURE 2 Average discomfort rating for each source category compared to total misophonia level.
Scatterplots show individual participants from the misophonia sample (red, N = 48) and general population (gray,
N = 39). Red solid line shows lines of best fit among individuals with misophonia only, gray solid line shows line of
best fit among general population only, and black dashed line shows line of best fit collapsed across all subjects
(N =87) [Color figure can be viewed at wileyonlinelibrary.com]

experience some discomfort and acknowledge some sounds as unpleasant, individuals with misophonia are
bothered to a more extreme extent. Further, this difference seems reliant on source category: individuals with
misophonia did not differ from the general population in their reaction towards non-human/nature sounds nearly
as much as they did for human-produced sounds. This is reflected in correlation with total misophonia level
collapsed across samples, since discomfort for non-human/nature sounds did not correlate with misophonia level
as much as discomfort for human-produced sounds did.

Since between-group differences may be influenced by factors unrelated to the present study, exploring
within-sample differences sheds even more light. Individuals with misophonia find human-produced oral/nasal
sounds the most bothersome, as suggested by case studies. However, aversion is not exclusive to this source;
human-produced nonoral/nasal sounds were also significantly more bothersome than non-human/nature sounds.
Notably, this difference was absent in controls. This suggests that controls also acknowledge oral/nasal sounds as
bothersome (but to a lesser extent than individuals with misophonia), but diverge from individuals with misophonia
in their response to human nonoral/nasal sounds. Thus, consideration of these human nonoral/nasal sounds may be
of specific interest in diagnosing and distinguishing individuals with misophonia from healthy individuals.

3 | EXPERIMENT 2

Experiment 1 clearly suggested that individuals with misophonia feel different aversion to sounds, depending on
the source. Is this finding reliable, and would it extend to different stimuli? And if so, can we identify an individual
as having misophonia (and the severity of their misophonia) based only on discomfort ratings to these sounds?
Experiment 2 had three main goals: (1) replicate the effects found in Experiment 1 on a larger set of stimuli,
(2) classify if an individual has misophonia or not using discomfort ratings rather than self-report questionnaires,
and (3) predict the level of misophonia severity using these discomfort ratings. Are the set of sounds that are the
most informative for predicting misophonia (or its severity) only oral/nasal sounds, or do they include sounds that
are human-produced nonoral/nasal or non-human/nature sounds as well?

To address these questions, we perform (a) an ANOVA on this larger set of sounds on an independent set of
participants from Experiment 1, (b) classifier models to predict misophonia versus control participants based on
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their discomfort ratings to these sounds, and (c) regression models to predict misophonia severity. For parts b and
¢, we additionally identified the most predictive sounds and their source categories.

3.1 | Method
3.1.1 | Stimuli

In addition to the 30 auditory stimuli used in Experiment 1, 95 everyday sounds were drawn from the Google SSML
Sound Library (https://developers.google.com/actions/tools/sound-library/). Sounds from this sound bank were
intentionally unedited, and thus varied in stimulus duration (M=35s, SD=65s, range = 5-499s), and low-level
sound properties. Three independent raters sorted these 95 sounds into the three broader source categories used
in Experiment 1; four of these sounds of ambience (coffee shop, crowd talking, kids playing in a gym, and carnival

atmosphere) were not agreed to cleanly fit into one category and were thus left out of source category analyses.

3.1.2 | Surveys

The same surveys were used as in Experiment 1, in addition to the IPIP Big-Five personality scale (Goldberg, 1999;
Goldberg et al., 2006). Also, participants were directly asked if they believed they had misophonia, with the options
“Yes,” “No,” and “Maybe/Somewhat.”

3.1.3 | Participants

Misophonia

Forty-five individuals (32 females, 13 males, mean age = 34.2 years) with self-diagnosed misophonia were included
in this experiment. As in Experiment 1, participants with misophonia needed to self-report an average response
greater than or equal to a 4 out of 10 on the MAS-1 to be eligible for the study. Of the 45, only one participant
reported also participating in Experiment 1. According to a composite score that equally weighted the three
misophonic assessment surveys, the group with misophonia had a mean misophonia level of 58.5 out of 100
(range = 31.1-83.9). All individuals with misophonia self-reported normal or corrected-to-normal vision and
hearing (i.e., no hearing loss). Individuals were recruited via online misophonia support groups on Facebook, Reddit,

and Yahoo!, and volunteered to participate.

Control

Sixty-two individuals (24 females, 37 males, 1 nonbinary, mean age = 19.9 years) from the general population also
completed the experiment. One individual was excluded for not faithfully responding to the surveys, leaving a
sample of 61 (24 females, 36 males, 1 nonbinary, mean age = 19.9 years). All individuals self-reported normal or
corrected-to-normal vision and hearing (i.e., no hearing loss). All individuals were recruited from the Psychology
undergraduate research pool at The Ohio State University and received course credit for their participation; none
of the 61 individuals participated in Experiment 1.

The entire group of 61 individuals had a mean composite misophonia level of 13.9 (range = 0-81.3). Given that
individuals with misophonia likely exist in the general population, participants were again excluded from the
control analyses if they had an average self-reported response greater than or equal to a 4 out of 10 on the MAS-1
or if they answered “yes” to believing they had misophonia; the participants that remained are hereafter referred

to as “controls.” The control group consisted of 50 individuals (19 females, 30 males, 1 nonbinary, mean age = 19.9
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years) with a mean misophonia level of 9.5 (range = 0-26.8). Similar to Experiment 1, it is worth noting that 18.0%
(11/61) of participants were excluded for experiencing misophonia, supporting previous findings that misophonia
exists in about 20% of the general population (Wu et al., 2014; Zhou et al., 2017).

Participant scores on the individual misophonia assessments, including a distinction of which participants from
the general population were included as controls, can be found in Supporting Information S1.

All experimental methods were approved by The Ohio State University Institutional Review Board, and all

participants gave informed consent to participate.

3.1.4 | Procedure

The procedure for Experiment 2 was identical to that of Experiment 1, except for sound presentation and ratings
questions. First, since Google provided short labels describing each sound, these labels were presented to participants on
screen instead of the word “Listen.” This change was made to eliminate the confound of participants not identifying the
sounds appropriately, given that incorrect identification in Experiment 1 inadvertently shaped aversiveness ratings and
caused differing effects depending on the sound source category (see Supporting Information 2 and Figure S1). The labels
appeared concurrently with the sound and thus preserved some measure of ecological validity, since individuals with
misophonia normally have some sort of environmental context to enable them to discern the identity of a triggering
stimulus. Additionally, stimuli from the Google sound bank were presented using the provided links from https://
developers.google.com/actions/tools/sound-library/, which allowed for stop/start controls instead of the webpage auto-
matically playing and advancing when the sound was finished. Also, given that these stimuli varied in duration, participants
were not forced to listen to the entirety of each stimulus. Instead, participants were instructed “You do not need to listen
to the full sound, but please listen to enough of it that you can accurately answer both questions.” To ensure participants
actually played each sound, a catch sound (which did not match the labeled description) was randomly inserted three
times throughout the experiment. Participants were familiarized with this sound before the experiment began, and told
whenever they heard it to leave their ratings blank. Participants were not aware how many catch sounds there were or
what the corresponding labels would be. Only participants who correctly followed these directions, indicating they played
through each sound, were included in the analyses (N =45 misophonia, 61 control).

Second, since sound labels were presented, participants were no longer asked to identify the sound. They only gave
aversiveness ratings, which included “How much discomfort did you feel during the sound?” (like Experiment 1) and “How
tolerable is this sound to you?,” which was scaled from “extremely intolerable” (1) to “extremely tolerable” (5), with labeled
steps in between. The discomfort rating from Experiment 1 better captured the aversiveness associated with misophonia
and distinguished individuals with misophonia from controls than the unpleasantness rating did, and we sought to see if
sound tolerance would provide any other useful distinction. However, the tolerance rating also did not meaningfully
distinguish individuals with misophonia from controls, suggesting the tolerance rating likewise captured general sound
aversiveness like the unpleasantness rating did. Additionally, the discomfort rating was preregistered as our main measure
of interest (see below); as such, only the discomfort rating will be further reported here (see Figure S5 for tolerance rating
results).

3.1.5 | Preregistration and analyses

Methods and analyses for Experiment 2 were preregistered after data collection and before data analysis on the Open
Science Framework website (https://osf.io/rzgbs/). Any post hoc analyses presented here are clearly labeled as post hoc. A
preregistered analysis using frequency ranges to explain principal components of sound discomfort ratings will not be
discussed here because results were not easily interpretable and ultimately unrelated to the scope of the present paper;

nevertheless, all preregistered results can be found at https://osf.io/rzgbs/. Predicting misophonia level with source
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category discomfort ratings (Experiment 2B and 2C below) was a post hoc version of the preregistered regression
analyses, but was ultimately a better fit to investigate the questions of the present paper than the preregistered analysis
of regressing out sound frequencies.

Experiment 2A: Group differences

As in Experiment 1, we used mixed ANOVAs, Student's t tests, and Pearson's correlations to assess the differences in
source categories between individuals with misophonia and controls, and implemented the Holm-Bonferroni method to
control the familywise Type | error rate (corrected p values are denoted by pyg). Additionally, we used linear classification
and general linear regression to make predictions about group membership and misophonic severity given discomfort
ratings.

Experiment 2B: Linear classification

For this analysis, we sought to discriminate between individuals with and without misophonia; thus, we grouped our
participants into those with misophonia (N = 45) versus controls (N = 50). We randomly partitioned the subjects into a
training set (N = 48) and a test set (N = 47), with the constraint that individuals from the misophonia and control samples
were evenly distributed between the two sets. We built four models, using (1) all 125 sounds, (2) only sounds from Source
1 (n=28), (3) only sounds from Source 2 (n = 64), and (4) only sounds from Source 3 (n = 29). Discomfort ratings for each
sound were standardized first using z scores for each model, as is standard in machine-learning. Each model used a
support vector machine learning algorithm and lasso regularization, and was constructed by implementing k-fold cross
validation with fivefolds in the training set. The model that had the smallest mean squared error was chosen as the final
model and was subsequently applied to the independent test set of participants. This process was repeated four times
using the different sound sources, and each of these four final models was used to classify group membership in the left-
out sample. Model accuracy was determined by averaging how many individuals in the test set were correctly labeled.
Sensitivity was determined by dividing true positives (i.e., misophonia correctly identified) by total positives (i.e., true
positives + false negatives [misophonia identified as control]). Specificity was determined by dividing true negatives (i.e,
control correctly identified) by total negatives (i.e., true negatives + false positives [control identified as misophonia]).

Experiment 2C: General linear regression

For the regression analyses, we sought to predict total misophonia level, and thus combined data from both individuals
with misophonia and the general population (total N = 106) to obtain the widest variability in misophonia scores. We first
used stepwise regression, with each individual's total misophonia level as the response variable and each individual's
discomfort rating of the 125 sounds as predictor variables. Both the predictor and the response variables were stan-
dardized using z scores. We used a criterion of including only predictors that minimized the sum of squared error in each
model. To cross-validate the models, each linear regression model was constructed using N - 1 participants. The model
was then used to predict the total misophonia level of the left-out participant, given that participant's discomfort ratings.
Thus, we used cross-validation procedures to expand generalizability of these predictions and deduce the most common
sound predictors retained across models. A final model was then built to identify the most predictive sounds using all 106
participants, after taking into account individual differences in demographic measures (i.e., gender and age) and clinical
scores (i.e., from OCI-R and DASS-21).

3.2 | Results
3.2.1 | Experiment 2A: Group differences

Using a 2 (group: misophonia vs. control, between-subjects) x 3 (source category: 1 [human oral/nasal] vs. 2 [human

nonoral/nasal] vs. 3 [non-human/nature], within-subjects) mixed ANOVA, a group x source category interaction
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was assessed for the discomfort rating of interest. Analysis comprising just the 30 sounds previously used in
Experiment 1 replicated the results of Experiment 1, as did extension of the analysis to include all sounds cate-
gorized from the sound bank. Statistics and figures from these analyses can be found in Supporting Informa-
tion 4-5.

On average, individuals with misophonia rate sounds from Source 1 or Source 2 as evoking more discomfort
than do controls. Can knowing how an individual rates a particular sound (or group of sounds) be used to predict

misophonia or how severe an individual's misophonia is?

3.2.2 | Experiment 2B: Linear classification

We sought to explore whether we could classify an individual as being from the misophonia or control group, based off
their discomfort ratings for particular sounds. We constructed four classification models on a training set of participants
and applied the final models to each individual of the test set to get a predicted classification. Classification accuracy was
0.89 using all sounds (sensitivity: 0.77, specificity: 1.0), 0.81 using Source 1 sounds only (sensitivity: 0.73, specificity: 0.88),
0.77 using Source 2 sounds only (sensitivity: 0.68, specificity: 0.84), and 0.81 using Source 3 sounds only (sensitivity: 0.82,
specificity: 0.80). To further probe the significance of these results, we used permutation testing, randomly shuffling group
membership labels 1000 times and calculating classification accuracy each time. The null distributions for each model can
be found in Supporting Information 6A (Figure S9). Compared to the null distributions, each model could significantly
classify individuals with misophonia from controls (all sounds: p < 0.001, Source 1 sounds: p < 0.001, Source 2 sounds:
p <0.001, Source 3 sounds: p < 0.001). The top five most informative sounds in discriminating individuals with misophonia
versus controls are depicted in Table 1. For an illustration of the top fifty sounds and a ranking of how each group rated

the individual sounds on average, see Figures S10 and S8A, respectively.

3.2.3 | Experiment 2C: Generalized linear regression

In addition to binary classification, we asked if we could predict an individual's severity of misophonia (i.e., their mean
misophonia level from the three assessment surveys). First, we used a linear regression model with stepwise regression
and discomfort ratings to all 125 sounds individually as predictor variables in a leave-one-out cross-validation process.
Results of the predictions are shown in Figure 3. Misophonia level was significantly predicted using a subset of individual
sounds (r = 0401, p = 2.01 x 107°). Although each cross-validation model was slightly different (because it included data
from a slightly different group of participants), certain sounds were consistently included in over 80% of the models
(Table 2).

TABLE 1 Most discriminative sounds used to classify misophonia from control participants based on
classification model constructed on all 125 sounds (Experiment 2B)

Sound Source category B weight
Slurping 1 0.14
Sipping hot liquid 1 0.14
Male chuckling 1 -0.12
Animal squealing 3 -0.11
Crow cawing 3 -0.11

Note: (1) Human-produced oral/nasal sounds. (3) Non-human/nature sounds.
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To better understand the contribution of each predictor, we generated a final model using all subjects. Additionally, to
account for demographic and clinical differences between the subjects, we included 6 nuisance regressors: age, gender,
QOCD level (from OCI-R), and levels of depression, anxiety, and stress (from DASS-21). A stepwise regression model built
on the 125 sounds significantly predicted the residual misophonia level after regressing out the nuisance variables (model
fit: R>=0.872, F(22,74)=229,p=12x 10’24). Again using a criterion to minimize the sum of squared error, 16 sounds
were retained in the model (Table 3). It is important to note that we explored the collinearity of these sounds in two ways
(see Supporting Information 5B, Figures S7 and S8B) and found that discomfort ratings to sounds within a source category
were more correlated with each other than with sounds across source categories, particularly for sounds in Source 1 and
Source 2. Interestingly, however, our results show that the stepwise regression models consistently chose sounds across
all three source categories rather than simply human oral/nasal sounds, indicating that significant variance was explained
by incorporating human nonoral/nasal and non-human/nature sounds too. Thus, we offer 16 sounds that could be used to
predict misophonia but acknowledge that another subset of sounds could be used as long as they span all three source
categories.

For additional linear regression models built using average discomfort rating to sounds of each source as a single
predictor or in separate models with more stringent criteria, which showed similar results as the analyses above, see
Supporting Information 6B (Figure S11) and Supporting Information 6C (Figures S12 and S13).

3.3 | Discussion

Experiment 2 sought to replicate the effects found in Experiment 1 and extend the findings to a larger sound bank,
distinguish between individuals with misophonia versus controls using discomfort ratings, and predict misophonia severity
using machine learning. In a separate group of individuals with misophonia and controls, the same 30 sounds used in

Experiment 1 led to the same group differences between each of the three sources categories as well as the same

— Leave One Out Cross Validation
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FIGURE 3 Actual misophonia level versus predicted misophonia level. Scatterplots show individual participants
from the misophonia sample (red, N = 45) and general population (gray, N = 61). Black solid line shows line of best
fit collapsed across all subjects (N = 106). Black dashed lines represent a 95% confidence interval. Regressors
included ratings for all 125 sounds individually, keeping only the predictors that were significant. Predictions made
using a cross-validated approach. Significant predictors differed for each model [Color figure can be viewed at
wileyonlinelibrary.com]
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TABLE 2 Sounds present in over 80% of models from the leave-one-out cross-validation process
(Experiment 2C)

Sound Source category % of models present
Male chuckling 1 100.00
Sipping hot liquid 1 99.06
Daytime forest bonfire 3 97.17
Crunching on chips 1 94.34
Gas stove lighter 2 88.68
Basketball dribbling 2 88.68
Crow cawing 3 85.85
Coffee shop NA* 83.02

Note: (1) Human-produced oral/nasal sounds. (2) Human-produced nonoral/nasal sounds. (3) Non-human/nature sounds.

*see Experiment 2 Method: Stimuli.

TABLE 3 Sounds present in the final regression model constructed using all subjects after regressing out
nuisance variables (Experiment 2C)

Source category Sounds
1 Eating and slurping
Coughing

Biting/crunching
Male chuckling
Mouth breathing
Sipping hot liquid
Clearing throat

2 Gas stove lighter
Knife cutting and rattling
Dial turning
Basketball dribbling
Light splashing of water

3 Empty bottles clanking in the distance
Gas lamp flickering
Daytime forest bonfire
Windshield wipers

Note: (1) Human-produced oral/nasal sounds. (2) Human-produced nonoral/nasal sounds. (3) non-human/nature sounds.

correlations between discomfort and misophonia level, and a larger sound bank additionally supported these observed
effects (see Supporting Information 4).

Further, machine learning approaches using multiple different methods showed that all sound sources could be used
to significantly predict an individual's misophonia; incorporating information from all three sources produced the best-
fitting prediction models as determined by independent test sets. In addition, stepwise regressions consistently chose
sounds from all three sources as the most informative predictors of misophonia. Although certain human oral/nasal or
human nonoral/nasal sounds may have been left out of the final models due to collinearity, these analyses give confidence
that the most predictive subset of sounds broadly contains sounds from all sources. Thus, narrowing our interpretation of
misophonia to discomfort for just oral/nasal sounds is insufficient, as the condition seems to extend farther than just oral/

nasal sounds. Perhaps this large database of sounds can be tailored to individuals in future experiments who experience
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diverse misophonic triggers (as suggested by Schroder et al,, 2019), as long as the inclusion of sounds spanning all three
source categories is prioritized.

Importantly, discomfort ratings to each of the sound sources explains unique variance in an individual's overall
misophonia level, distinct from the variance that demographic or clinical measures can account for alone. In other words, if
an individual's experience of misophonia was primarily driven by their level of OCD or their age, for instance, then using
the sound discomfort ratings as predictors after demographic and clinical measures were regressed out would not have
yielded significant results. This finding may have a few theoretical implications about the experience of misophonia: (1) it is
likely clinically distinct from that of OCD, depression, anxiety, or stress; and (2) it cannot be fully explained by age or
gender.

Additionally, given that misophonia is a sound-based disorder and research is still somewhat nascent, investigating
different sound categories seems highly relevant. As detailed in Supporting Information 5A, we assigned each of the 125
sounds to one subcategory that it best fit (i.e, ambiences, animals, babies, footsteps, household, kitchen, metal, nature,
office, oral/nasal, outdoors, paper/plastic, rubbing/wiping, water) and explored average discomfort ratings across parti-
cipants to each subcategory (Figure Sé). After splitting the sounds into finer-grained category labels, the discomfort
ratings we obtained in this experiment objectively corroborate, for the first time to our knowledge, self-reported sound
triggers from anecdotal case studies and questionnaires. For instance, individuals with misophonia often report being
bothered by pen-clicking or glasses clinking (e.g., Edelstein et al., 2013; Taylor, 2017), and this analysis showed significantly
more discomfort for sounds classically heard in an office or kitchen, such as these. It is important to note that individuals
with misophonia do not have generalized higher discomfort for all sounds; if so, all categories would have showed
significant differences between individuals with misophonia and controls. However, when correcting for multiple com-
parisons, individuals with misophonia were no different from controls in their responses to animals or babies, which
upholds self-reported responses from previous literature that sounds from animals and babies are not as bothersome as
the same sounds from adult humans (Edelstein et al., 2013). Likewise, nature sounds did not bother individuals with
misophonia, suggesting there might be something more specific about the repetitiveness of the sound, or the need to

attribute the sound to a culpable human, that produces the negative reaction.

4 | GENERAL DISCUSSION

The present experiments investigated whether constraining misophonia to aversion for human-produced oral/nasal
sounds is an empirically justified stipulation. More specifically, we used two independent samples of individuals with
misophonia and controls—as well as two unique stimulus sets—to show that the discomfort that individuals with mis-
ophonia felt differed from that of controls for both human-produced nonoral/nasal sounds and even non-human/nature
sounds. Additionally, to the best of our knowledge, these experiments are the first to objectively show differences in
discomfort to sounds from finer grained categories, including sounds from the office, kitchen, or general household as well
as paper/plastic, water, and metal sounds. These findings not only corroborate case studies anecdotally describing non-
human and/or nonoral/nasal sounds as bothersome, but, given that not all categories showed differences between
individuals with misophonia and controls, also emphasize that misophonia is characterized by specific source category or
sound aversions—not general sound annoyance. Whereas prior case studies have explored the relationship between
misophonia and eating disorders as a way to put oral/nasal triggers into context (Kluckow et al., 2014), our results suggest
additional information may be gleaned about an individual's misophonia onset or triggers by probing their experiences in
other contexts, such as office or home life.

Further, perhaps more convincingly, Experiment 2 introduces machine learning methods to parse what the most
influential predictors of misophonia classification and/or severity are. Source 1 (human-produced oral/nasal) and Source 2
(human-produced nonoral/nasal) sounds consistently provided significant predictions of misophonia, and Source 3 (non-
human/nature) sounds also significantly contributed to predictions using separate training and test sets. Classification

accuracy was significant and comparably high when incorporating discomfort for all sounds, as well as each sound source
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separately. Finally, a model constructed on all subjects and sounds shed light on the 16 most influential sound predictors
in this data set—majority of which are not Source 1 sounds. Taken together, these analyses make it clear that sounds from
all source types can be used to identify misophonia, and constraining the condition to primarily human-produced oral/
nasal sounds misses out on important distinctions between individuals with misophonia and healthy individuals for other
types of sounds.

However, thus far, most experimental investigations into misophonia have done just that—designed paradigms that
seemingly constrain misophonia to human-produced oral/nasal sounds. For instance, although Seaborne and Fiorella
(2018) objectively demonstrated daily impairments that individuals with misophonia face, which is beneficial, the ex-
periment only presented one possible misophonic trigger—gum chewing—ignoring the effects that other background
sounds in the study environment (e.g,, writing, pen clicking, papers rustling, etc.) might have had. Further, Kumar et al.
(2017) published groundbreaking findings using a combination of neuroimaging, physiological measurements, and beha-
vioral ratings to probe aversion to misophonia triggering sounds, generally unpleasant sounds, and neutral sounds.
However, this study specifically recruited only individuals with aversion to eating, breathing, and chewing sounds, which
inherently limits the generalizability to individuals who have primarily other triggers. Similarly, a neuroimaging study from
Schréder et al. (2019) presented misophonic video clips, generally aversive clips (i.e., segments of violent or loathsome
scenes from commercial films), and neutral clips (i.e., a male actor performing soundless activities) to their participants
while in the scanner. Although using video stimuli is more ecologically valid, their misophonic sounds were likewise mainly
oral/nasal and compared against a neutral baseline that lacked an auditory component, confounding comparisons and
making conclusions about brain regions associated with misophonia (i.e., auditory cortex) uncertain. Lastly, although
Edelstein et al. (2013) avoided the human-produced oral/nasal constraint in their exploratory investigation of misophonia,
the chosen auditory stimuli intentionally covered a wide range of content (i.e., more than just commonly reported trigger
sounds, e.g., birds singing, children laughing, whale song), and conclusions are drawn combining all sounds together.

As a whole, previous work has suggested that the primary deficit in misophonia is an aversion to human-produced
oral/nasal sounds. Here, we propose that (a) individuals with misophonia can include those with aversions to other types
of sounds and these individuals should be included in future misophonia studies, and (b) future experiments include a
wider range of auditory stimuli that include other types of sounds (i.e., not only oral/nasal sounds). Constraining mis-
ophonia to certain sounds limits generalizability of experiments, and minimizes experiences of individuals who do not
identify with these triggers. This can have negative consequences, such as failing to diagnose individuals who do not fit
one's narrow guidelines of what misophonia is; should misophonia be added to the DSM, its diagnostic criteria should not
require human-produced oral/nasal sounds be the only and/or most prominent trigger.

Nevertheless, this study has a few limitations. First, our two samples of participants are not age-matched. Recruit-
ment was approached differently for individuals with misophonia versus controls, and thus produced samples that varied
in age. Although it is unlikely that the results from these experiments are solely due to the sample with misophonia merely
being older, age cannot be ruled out as a contributing factor. Additionally, data presented in this paper are drawn from
self-report behavioral ratings, which are inherently prone to response bias. One might worry that individuals with
misophonia may rate all sounds (or oral/nasal sounds) as higher out of obligation; however, a handful of individuals
commented in follow-up questions that they considered themselves to have severe misophonia but were not bothered by
the particular stimuli of the experiment, and thus rated them low on aversiveness accordingly. Individuals with misophonia
also self-reported their misophonic severity; given that they were recruited and tested online, they could not be clinically
assessed. Still, three misophonic assessments were used, each with different questions and probing misophonic experi-
ences in different ways, so we believe that the aggregated misophonia severity levels are as authentic as can be obtained
via self-report. Granted, determining how to objectively quantify what counts as misophonia, via self-reported assess-
ments or clinical diagnoses, is crucial. How should we determine who has misophonia, and what types of sounds qualify as
misophonic trigger sounds? With a narrow definition of what sounds are triggering, fewer individuals will be classified as
having misophonia, and vice versa. However, we believe a broader view of the types of sounds that could be triggering is
necessary for research moving forward.
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Overall, results from the data presented here help emphasize more generally the vast differences that exist in
experienced discomfort to all types of sound stimuli in individuals with misophonia, compared to controls. This helps
validate the disorder quantitatively, offers supporting evidence for the inclusion of misophonia as a legitimate disorder,

and emphasizes the need to expand our definition of misophonic trigger sounds.
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