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Abstract
Misophonia is a poorly understood clinical condition characterized by reduced tolerance to select trigger sounds. 
Whether misophonic distress and its regulation involve unique neural mechanisms compared to other forms of 
emotion dysregulation remains unclear. We used functional magnetic resonance imaging (fMRI) to identify putative 
neural signatures of misophonic reactivity and regulation compared to a transdiagnostic clinical control group. 
Twenty-nine adults with misophonia and 30 with high emotional dysregulation and a DSM-5 psychiatric disorder 
underwent an fMRI session. After the presentation of misophonic, aversive, or neutral sound cues, they either 
experienced emotions naturally or reduced negative affect through cognitive reappraisal. Compared to controls, 
participants with misophonia showed greater distress after listening to or downregulating misophonic sounds and 
lower distress when listening to non-misophonic aversive sounds. Listening to misophonic sounds elicited lower 
functional connectivity between the right insula and the left dorsomedial prefrontal cortex (dmPFC), and between 
the left insula and the right superior temporal sulcus, in the misophonia group compared with controls. During 
the regulation of misophonic sounds, the misophonia group showed increased left insula connectivity with the 
anterior cingulate cortex and increased right insula connectivity with the bilateral dmPFC and other sensorimotor 
regions compared to controls. In the misophonia group only, higher emotion dysregulation and lower habitual 
use of reappraisal were respectively associated with increased insula-dmPFC connectivity and with increased insula 
connectivity with the dorsolateral prefrontal cortex. Prefrontal cortex activation during regulation of misophonic 
distress was not significantly different between the two groups. Insula activity and connectivity may be key 
features that distinguish misophonia from other forms of emotional dysregulation. These novel findings identify 
candidate neural processes that may be selectively associated with misophonia, as well as processes that may be 
shared between misophonia and other forms of emotion dysregulation.
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​​Introduction
Misophonia, characterized by extreme emotional reac-
tions to specific auditory triggers [1], appears to be phe-
notypically similar to emotional dysregulation, a key 
feature of several psychiatric disorders [2–4]. Neverthe-
less, emerging research suggests that misophonia may 
be a distinct problem that does not fit within an existing 
DSM-5 disorder [1, 5–7]. Despite its hypothesized high 
prevalence (4.6% in a recent study [8]), misophonia is 
not yet recognized as a distinct psychiatric, hearing, or 
neurologic disorder, and comparisons of neurobiologi-
cal function between participants with misophonia and 
clinical control samples are lacking [6]. Therefore, an 
essential next step in misophonia research is to identify 
whether misophonia involves unique neural processes 
relative to clinical conditions characterized by emotional 
dysregulation, which may help support its independence 
in a diagnostic classification scheme.

Brain regions implicated in prior normative imaging 
studies of emotion regulation
During normative emotion regulation, higher-order 
structures involved in cognitive control (i.e., lateral and 
medial prefrontal cortex [PFC]) and monitoring (i.e., 
dorsal anterior cingulate cortex [dACC]) are generally 
hypothesized to modulate emotional appraisals gener-
ated by the insular cortex and subcortical structures 
(i.e., amygdala) in a top-down fashion [9, 10]. In par-
ticular, cognitive reappraisal, an emotion regulation 
strategy involving the reinterpretation of emotionally-
evoking situations, is associated with enhanced activ-
ity in the dorsolateral PFC (dlPFC), ventrolateral PFC 
(vlPFC), dorsomedial PFC (dmPFC), anterior cingulate 
cortex (ACC), and inferior parietal cortex (IPC) [11–13], 
reduced activity in the amygdala [9] and insula [14], and 
strengthened fronto-limbic connectivity [15]. By chal-
lenging and reframing maladaptive thoughts, individu-
als improve their ability to regulate attention and inhibit 
inappropriate affective responses. Cognitive reappraisal 
can also alter activity in the orbitofrontal cortex (OFC), 
which may help reduce negative biases and foster more 
balanced emotional evaluations [16].

The neurobiology of emotion dysregulation
The triple network theory of psychopathology proposes 
that common dysfunctional patterns in the central execu-
tive, salience, and default-mode brain networks underlie 
transdiagnostic impairments in cognitive control, accu-
rate evaluation of the salience of environmental stimuli, 
and self-referential cognitive processes, respectively [17]. 

The essential nodes of the central executive (“cognitive 
control”) network include the dlPFC and IPC; the criti-
cal nodes of the salience network are the anterior insular 
cortex (AIC) and ACC; and the default-mode network 
includes the posterior cingulate cortex and ventrome-
dial prefrontal cortex (vmPFC). Auditory components of 
psychiatric disorders, such as hallucinations in schizo-
phrenia, have been associated with alterations in central 
executive and salience network connectivity [18], while 
primarily auditory phenomena, such as both acute and 
chronic tinnitus, have also been linked to triple network 
alterations [19]. Neurobiological evidence, therefore, 
points to disruptions within the triple network model as 
a foundational mechanism in disorders involving emo-
tional dysregulation or auditory-perceptual abnormali-
ties. See the Supplement for additional details on the 
neurobiology of emotion dysregulation.

Brain regions implicated in prior imaging studies of 
misophonia
It would be reasonable to expect a similar triple network 
dysfunction in misophonia. However, very few studies 
have used functional magnetic resonance imaging (fMRI) 
to evaluate brain regions implicated in misophonia, and 
all have compared misophonia to non-clinical controls. 
Adults with misophonia exposed to misophonic (or trig-
ger) sounds show hyperactivity in the insula [20–22], 
ACC [21], midcingulate cortex (MCC) [22], amygdala 
[23], ventral premotor cortex (PMv) [22], supplemen-
tary motor area (SMA) [22], and superior temporal cor-
tex (STC) [6, 21, 24]. In addition, these trigger sounds 
elicit hyperconnectivity in the following circuits: insula– 
vmPFC [20], insula –amygdala [20], insula – hippocam-
pus [20], lateral OFC – SMA/ PMv [22], OFC-MCC [22], 
MCC- primary auditory cortex [22], and SMA/PMv-pri-
mary auditory cortex [22]. In non-clinical controls, these 
brain regions process emotions, integrate sensory infor-
mation, and regulate emotion [14, 25–31]. See the Sup-
plement for a more detailed discussion of brain regions 
and networks involved in misophonia. Given some com-
monalities between regions commonly implicated in 
triple network dysfunction and those involved in miso-
phonia, it is essential to understand how patterns of neu-
ral activity in these regions in misophonia both converge 
with and diverge from those in non-misophonic individ-
uals with transdiagnostic psychopathology characterized 
by difficulties regulating emotions.

Keywords  Cognitive control, Emotional dysregulation, Misophonia, Functional magnetic resonance imaging, Insula, 
Neurostimulation
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The present study
To our knowledge, no studies to date have examined 
functional neural alterations in misophonia during effort-
ful emotion regulation. To date, the vast majority of stud-
ies investigating neural processes in misophonia have 
limited comparisons to healthy control groups. Accord-
ingly, there is a critical need for comparisons to non-
misophonic clinical controls rather than healthy adults, 
in order to identify putative neural signatures that distin-
guish misophonia from other forms of psychopathology. 
The present study aims to fill a critical gap in the litera-
ture regarding the specificity of neural processing differ-
ences in misophonia versus non-misophonic emotional 
dysregulation during active attempts to downregulate 
negative affect. The insights gained from this mechanistic 
study could provide key evidence to determine whether 
misophonia has distinctive patterns of brain reactivity 
and regulation to trigger sounds.

Hypothesis-driven aims
In this study, we compared fMRI activity and connec-
tivity between participants with misophonia and non-
misophonic participants with transdiagnostic emotion 
dysregulation during reactivity to and regulation of 
misophonic, aversive, and neutral sound cues. Based on 
neurobiological models of psychopathology and prior 
findings in misophonia, we hypothesized that adults with 
misophonia would exhibit greater insular activity when 
exposed to misophonic sounds than to aversive sounds, 
relative to non-misophonic clinical controls (primary 
outcome: H1). We also hypothesized increased activity 
(H2) within the dlPFC and vmPFC during the regulation 
of misophonic versus aversive sounds and hyperconnec-
tivity (H3) between these regions and the insula in miso-
phonic adults versus controls (primary outcomes). We 
expected these neural differences to be positively corre-
lated with self-reported distress collected during the neu-
roimaging task (secondary outcome).

Exploratory aims
We explored differences in emotion regulation networks 
across the dlPFC, vlPFC, mPFC, IPC, amygdala, ACC, 
and insula using whole-brain and region-of-interest 
(ROI) analyses. These exploratory analyses targeted five 
contrasts of interest: listening to misophonic vs. aver-
sive sounds; listening to misophonic vs. neutral sounds; 
downregulating misophonic vs. aversive sounds; down-
regulating vs. listening to misophonic sounds; and 
downregulating vs. listening to aversive sounds. Within 
the misophonia group, we also explored correlations 
between misophonia and self-reports of emotion dysreg-
ulation, as well as neural activity and connectivity within 
brain regions of interest (ROIs) that showed significant 

whole-brain activation and connectivity with the insula 
during contrasts of interest.

Experimental procedures
Recruitment procedures
This study was pre-registered at clinicaltrials.gov (Clinical 
Trials ID: NCT04348591; date of registration: 4/13/2020) 
and ran between October 2020 and May 2022 under the 
aegis of the Duke University Medical Center IRB. Par-
ticipants received maximum compensation of $250. The 
study was powered based on the expected effect size 
derived from Kumar et al. [20], who compared 22 adults 
with misophonia to 20 healthy controls and found signifi-
cant differences in AIC response when listening to trig-
ger sounds (d = 1.27). For the current study, with planned 
comparisons across condition, sound type, and group, we 
expected adequate power (over 80%, dexpected=1.29, α = 
0.05) with 29 participants per group. The primary behav-
ioral outcomes from the neurostimulation experiment, 
along with accompanying methodological details, includ-
ing a CONSORT flow diagram, were reported in Neac-
siu et al.1 [32]. Here, we report data collected during the 
baseline fMRI session from the parent study.

Participants were recruited through online websites 
(e.g., Craigslist, Dukelist), social media (Facebook, Red-
dit), flyers, and electronic medical record outreach. 
Interested participants completed online and in-person 
screenings before attending an imaging session. One 
hundred and twelve adults signed written consent forms 
and participated in the in-person screening assessment 
designed to establish a diagnostic profile and to examine 
inclusion/exclusion criteria. Of these, 59 qualified partic-
ipants were interested in continuing and provided neuro-
imaging data.

Inclusion criteria
Significant misophonic severity was operationally 
defined as a score of 2 or higher on both subscales of 
the Misophonia Questionnaire (MQ) [33] and a score of 
7 or higher on the MQ severity scale. The MQ was used 
for inclusion/exclusion because it was the most used 
and well-studied self-report measure of misophonia at 
the time of the study. High emotional dysregulation was 
operationally defined as a total score of 89 or higher on 
the Difficulties in Emotion Regulation Scale (DERS) [34], 
as described previously [35]. Participants with misopho-
nia were not excluded if they reported heightened emo-
tional dysregulation.

1 While imaging data procedures collection were presented in this publica-
tion, in the 2024 study, participant-level imaging data during one contrast 
were used to guide targeting individual neurostimulation sessions and not 
analyzed at the group-level.
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this sound task were shorter (6s) than those presented in 
the imaging session. See the Supplement for examples of 
sounds used and additional details relevant to the Sound 
Task.

Imaging session
Participants completed an imaging session as soon as 
possible after intake. During the first hour, participants 
were briefly trained in cognitive restructuring, an emo-
tion regulation strategy, using standardized procedures 
[35] (See Supplement for additional details). Partici-
pants then moved into a research-dedicated GE HD 3.0 
T MRI scanner and completed an anatomical image (3D 
MPRAGE pulse sequence; time repetition [TR] = 2300 
ms; echo time [TE] = 3.2 ms; image matrix = 2562; flip 
angle = 12°; voxel size = 1-mm isotropic; 162 contigu-
ous axial slices). Four functional runs (10 min each) were 
then acquired using a multi-band EPI sequence that 
optimizes temporal signal-to-noise following published 
specifications [40] (SENSE factor = 1; multi-band factor 
= 3; TR = 2000 ms; TE = 30 ms; image matrix = 1282; flip 
angle = 77°; voxel size = 2-mm isotropic; 68 contiguous 
axial slices). If time allowed, reverse-phase-encode direc-
tion echo-planar images (EPI) were collected to correct 
the functional images for spatial distortion due to mag-
netic field inhomogeneities (35 participants; 59.32%).

During the functional emotion regulation task, partici-
pants experienced and downregulated emotions related 
to personalized sounds (see Fig. 1). Each run consisted of 
five blocks, presented in a pseudo-random order (down-
regulate aversive, downregulate misophonic, listen to 
neutral, listen to misophonic, listen to aversive), with 
three auditory stimuli per block. Following each sound, 
participants reported their current subjective level of dis-
tress (SUDS) on a scale from 0 (low) to 9 (high). Addi-
tional MRI task details can be found in the Supplement. 
Participants wore MRI-compatible earphones, and foam 
pads were placed on both sides of the head to attenuate 
scanner noise.

Outcome measures
Misophonic distress was measured using the (MQ) [33] 
and the Duke Misophonia Questionnaire (DMQ) [41]. 
The (DERS) [34] was used to assess levels of emotion dys-
regulation across different domains. The cognitive reap-
praisal subscale of the Emotion Regulation Questionnaire 
(ERQ) was used to measure the tendency to use cogni-
tive reappraisal to regulate emotions [42]. For additional 
description and psychometric details of these measures, 
see the Supplement.

Neuroimaging data processing
Structural and functional data were first examined with 
MRIQC and then preprocessed with fMRIprep [43]. 

Participant characteristics
Enrolled participants were four men, 52 women, and 
three non-binary adults between the ages of 18 and 54 
(M = 28.31y; SD = 9.06) who self-reported significant 
misophonic severity (n = 29) or who self-reported clinical 
levels of emotional dysregulation (n = 30) and met crite-
ria for any DSM-5 disorder (excluding active substance 
use, psychotic disorders, and Bipolar I). High emotion 
dysregulation served as a transdiagnostic marker of 
psychopathology and provided a unifying phenotype, 
enabling comparison of misophonia to multiple psychi-
atric conditions rather than limiting analyses to a single 
disorder. Participants met criteria for an average of 1.75 
(SD = 1.62) current diagnoses and 3.54 (SD = 2.26) life-
time diagnoses, as assessed by the Structured Clinical 
Interview for DSM-5 Disorders (SCID-5) [36]. Twenty-
one participants (36.21%) met the criteria for at least one 
personality disorder, according to the SCID-5-PD [37]. 
Supplementary Table 1 lists the frequencies of observed 
DSM-5 diagnoses in both groups.

Of the 59 participants who completed the neuroimag-
ing visit, 48 had all four functional runs collected, while 
9 had three runs and 2 had only two runs. Functional 
runs with framewise displacement greater than 0.4  mm 
on more than 20% of TRs were excluded from analyses. 
Twenty-one runs exceeded this motion threshold, result-
ing in the complete exclusion of five participants with 
only one or no valid runs and partial exclusion for sev-
eral others. One participant also showed extreme spatial 
distortions in two of four runs, leaving only the remain-
ing two runs usable. Participants were excluded entirely 
if more than three of their runs were unusable. Overall, 
neuroimaging data from 54 participants were included in 
the final analysis, with data from 19 participants partially 
or fully missing.

Initial assessment
After providing voluntary, written informed consent, 
participants completed diagnostic assessments (SCID-5, 
SCID-PD), a verbal intelligence test [38], and a question-
naire packet. Participants also completed a sound task 
in the lab, during which they listened to 101 preselected 
6-second sounds (31 aversive, 40 misophonic, and 30 
neutral) and rated arousal and valence. Participants from 
the misophonia group were also asked whether the sound 
elicited a misophonic reaction. The top 10 most distress-
ing misophonic sounds and the top 10 aversive sounds, 
along with a random selection of 4 neutral sounds, were 
selected as stimuli for the imaging sessions. We opted 
for this approach to stimulus selection, given the highly 
personalized nature of misophonic triggers [1] and evi-
dence from the literature that exposure to trigger sounds 
is unlikely to lead to habituation [39]. Nevertheless, to 
mitigate the effects of repeated exposure, the sounds in 
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When reverse-phase-encode-direction EPI data were 
available, they were used to correct for spatial distor-
tions. Susceptibility distortion correction (SDC) using 
displacement field estimation via nonlinear registration 
[44] was used when these data were unavailable (52% 
of participants in the control group, 30% in misophonia 
group, zproportion difference = 1.66, p = .097). At the first level, 
functional data were analyzed as individual runs using a 
general linear model (GLM) implemented in FSL’s FEAT 
[45]. The results for each subject were then concatenated 
into second-level fixed-effects models. Activation con-
trasts were compared with each group (misophonic, clin-
ical control) and between the two groups in whole-brain 
analyses. Participant-level z-statistic maps underwent 
threshold-free cluster enhancement (TFCE) [46] and 
permutation testing [FSL’s randomize [47], 10,000 per-
mutations] to correct for multiple comparisons, with a 
threshold of p = .01 for resulting TFCE T-statistic images. 
Generalized psychophysiological interaction (PPI) analy-
ses were also conducted, using the time courses of the 
left insula and the right insula as the anatomical seeds 
(Supplementary Fig. 1), given prior evidence for insula 
involvement in misophonia [6]. This method was used 
for all subjects and each run. Run-level PPI maps were 
then combined into second-level (participant). These 
participant-level results were combined into a third 
(group-level) analysis, in which contrasts were compared 

within and between the two groups (misophonic, clinical 
control). Whole-brain analyses used mixed-effects (FSL’s 
FLAME 1; Oxford Univ., UK) modeling with cluster-wise 
FWE correction [48] at p = .05 for multiple comparisons 
following a voxel-wise Z-score threshold of 2.3. A more 
thorough description of neuroimaging data pre-process-
ing can be found in the Supplement.

Exploratory ROI analyses
ROI analyses were conducted in the misophonia group 
using participant-wise 6-mm spherical ROIs placed 
within anatomically defined region masks (additional 
details available in the Supplement). For both functional 
activation and connectivity analyses, the contrasts of 
interest were as follows: listen to misophonic vs. aversive 
sounds, listen to misophonic vs. neutral sounds, down-
regulate misophonic vs. aversive sounds, downregulate 
vs. listen to misophonic sounds, and downregulate vs. 
listen to aversive sounds. If functional activation differ-
ences in emotion regulation brain regions (insula, amyg-
dala, lateral PFC, medial/orbital PFC, ACC, and IPC) 
were found between groups or in the misophonia group 
only during contrasts of interest, then functional activity 
in the specific brain region(s) was correlated with miso-
phonic distress and emotion dysregulation (average MQ 
score, DMQ subscale scores, DERS, and ERQ-R). If dif-
ferences in functional connectivity were found between 

Fig. 1  Affective sound fMRI paradigm. Example of a task trial. Participants first fixated on a cross (3–7 s, jittered); indicated the direction (left or right) of an 
arrow in an active baseline task (9 s); were cued (4–7 s, jittered) to either downregulate (downward arrow) emotional distress or passively listen (~ symbol) 
to a sound stimuli; presented with an auditory stimulus (misophonic, aversive, or neutral); and indicated their level of distress (10 s) using the SUDS to 
select a rating between 0 (not distressed at all) and 9 (extremely distressed)
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these brain regions with either a left or right insula, 
either between groups or in the misophonia group only 
during contrasts of interest, then we examined correla-
tions in functional connectivity between the insula and 
the brain region associated with misophonic distress and 
emotion dysregulation. When significant associations 
between neural data and total DERS score were found, 
we also explored correlations between neural changes 
and DERS subscales, including non-acceptance of emo-
tional responses, difficulties with impulse control, lack of 
emotional awareness, limited access to regulation strate-
gies, lack of emotional clarity, and difficulties engaging in 
goal-directed behavior. Exploration of post-hoc associa-
tions between neural patterns and behavior were there-
fore constrained to a priori regions of interest and were 
not corrected for multiple comparisons.

Results
Behavioral responses to misophonic sounds
As expected, sounds from the misophonia stimulus set 
included in the MRI session emotion regulation task 
were moderately-to-highly distressing to both groups 
(as rated during the intake sound task), with misophonic 
participants indicating higher distress to them (M = 3.01, 
SD = 0.91) than participants with non-misophonic emo-
tional dysregulation (M = 2.19, SD = 0.94; t[422] = -8.42, 
p < .001). Pairwise comparisons of a significant group by 
strategy by sound type interaction (F[4, 2404.87] = 43.814, 
p < .001) showed that, as hypothesized, participants in 
the control group had significantly lower distress than 
misophonic participants after passively listening to (∆ = 
-1.02, SE = 0.36, p = .006) or downregulating (∆ = -1.13, 
SE = 0.36, p = .002) misophonic sounds during the MRI 
scan. Participants with misophonia experienced signifi-
cantly lower distress than control participants when pas-
sively listening to aversive sounds (∆ = -1.32, SE = 0.36, p 
< .001). A complete set of analyses of feasibility, accept-
ability, and behavioral responses to sounds is reported 
in the Supplement as are procedures for assessing and 
addressing normal distribution in the outcome data.

Hypothesis-driven fMRI analyses
Response to misophonic sounds (H1)
We found significant differences between groups in the 
contrast comparing passively listening to misophonic vs. 
aversive sounds (see Table 1; Fig. 2A). Participants with 
misophonia showed more activation in the left SMA 
during presentation of misophonic sounds (t = 6.06, p = 
.0012) than clinical controls.

In partial support of our first hypothesis (H1), partici-
pants in the misophonia group alone showed more acti-
vation in the bilateral insula (ts = 7.19–7.62; ps < 0.001) 
during exposure to misophonic versus non-misophonic 

unpleasant sounds; however, the difference between 
groups was not significant (Table 1).

Regulation of distress induced by misophonic sounds (H2)
Participants in the misophonia group showed significant 
differences in functional activation in the right insula and 
bilateral inferior parietal cortex (ts = 5.93–7.51; ps < 0.05) 
when downregulating misophonic versus aversive sounds 
(Table 1). Contrary to our hypothesis (H2), whole-brain 
analyses did not reveal significant functional activation 
differences in lateral or medial PFC activity between the 
misophonic versus control group in the contrast com-
paring downregulating misophonic versus downregulat-
ing aversive sounds (Fig. 3C). Additionally, we found no 
significant between-group differences in brain activation 
when downregulating versus passively listening to miso-
phonic sounds.

Whole-brain functional connectivity (H3)
In line with our third hypothesis (H3), whole brain analy-
ses showed greater connectivity between the right insula 
and both the left (z = 4.25, p = .000030) and right (z = 4.30, 
p < .000001) dmPFC in participants with misophonia 
compared to clinical controls during the downregula-
tion of trigger sounds versus aversive sounds (Fig.  3B). 
In misophonic participants compared to controls, we 
also found significantly greater right insula connectivity 
with the left planum temporale (z = 4.02, p = .00678), left 
inferior temporal gyrus (z = 4.16, p = .0124), right para-
central lobule (z = 3.64, p = .0176), left thalamus (z = 4.57, 
p = .0232), right middle temporal gyrus (z = 3.86, p = 
.0314), and right cuneus gyrus (z = 4.61, p < .000001) dur-
ing regulation versus listening to sounds. Whole brain 
analyses using the anatomical left insula as seed found 
significantly greater left insula connectivity with the left 
anterior MCC (z = 3.69, p = .0241) in the misophonia 
group compared to the control group during the contrast 
that compared downregulating versus passively listen-
ing to misophonic sounds (Fig. 3A). Results suggest that 
aberrant insula connectivity may be associated with both 
distress reactivity and regulation.

Misophonic participants alone also showed increased 
functional connectivity between the right insula with 
both left and right dlPFC (ts = 3.58–3.97, ps < 0.05) as 
well as with the left and right inferior parietal lobule 
(ts = 4.09, ps < 0.0001) when downregulating versus pas-
sively listening to misophonic sounds (Table 2).

Activation differences when passively listening to miso-
phonic sounds versus neutral sounds, as well as brain 
changes during regulation versus passively listening to 
aversive sounds, are reported in the Supplement.
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Exploratory analyses
Response to misophonic sounds
Given that the misophonia group showed increased 
activation in the bilateral insula during listening to 
misophonic versus aversive sounds (see Table 1), we con-
ducted correlation analyses to assess the relationships 
between clinical measures and changes in peak insular 

activation. Within the misophonia group, the peak acti-
vation difference while passively listening to misophonic 
versus aversive sounds was significantly correlated with 
the average MQ score in the left insula (r = .60, p = .001), 
but not the right insula. Because these analyses were not 

Table 1  Areas of activation following whole brain analyses
whole brain activation
Contrast Group Cluster index voxels P T-max T-max

x (mm)
T-max y 
(mm)

T-max
z (mm)

Downregulate 
aversive > Lis-
ten aversive

Misophonia Left vlPFC 251 0.001300 5.72 -56 24 20

Misophonia Left inferior frontal gyrus, pars triangularis 21 0.005700 5.74 -54 20 -4

Control Left vlPFC 292 0.001000 5.47 -48 34 14

Control Left dlPFC 169 0.000600 6.15 -44 10 44

Control Left inferior parietal lobule 40 0.004900 5.27 -48 -58 22

Control Right vlPFC 28 0.006200 5.21 44 18 24

Control Right vlPFC 25 0.006400 5.40 56 22 18

Control Left vlPFC 10 0.007200 5.52 -52 24 -6

Control Right dlPFC 8 0.007500 5.35 38 10 30

Control Right vlPFC 6 0.008400 4.95 50 32 12

Listen 
misophonic > 
Listen aversive

Misopho-
nia > Control

Left SMA 433 0.001200 6.06 0 0 60

Misophonia Right SMA 770 0.000100 7.99 2 4 54

Misophonia Right anterior insula 656 0.000300 7.19 40 16 0

Misophonia Left anterior insula 322 0.000300 7.62 -34 20 6

Misophonia Left precentral gyrus 8 0.007300 6.53 -60 8 24

Control Right dlPFC 161 0.000800 6.41 48 20 30

Control Right inferior parietal lobule 38 0.006900 5.22 38 -60 48

Control Right frontal opercular cortex 7 0.008500 5.64 34 26 4

Listen miso-
phonic > Lis-
ten neutral

Misophonia Right SMA 1697 0.000100 8.61 2 2 56

Misophonia Right inferior parietal lobule 935 0.000600 6.93 62 -30 22

Misophonia Left middle insula 896 0.000200 7.10 -38 4 2

Misophonia Right frontal opercular cortex 248 0.000130 6.37 46 10 0

Misophonia Left precentral gyrus 90 0.003300 6.24 48 0 42

Misophonia Right precentral gyrus 66 0.002000 7.28 60 6 18

Misophonia White matter 2 0.010000 4.18 -54 0 20

Control Right anterior superior temporal sulcus 1090 0.000100 7.00 48 -28 -4

Control Left posterior superior temporal sulcus 143 0.002300 6.35 -58 -52 12

Downregulate 
misophon-
ic > Listen 
misophonic

Control Left dmPFC 1 0.010000 6.55 -4 20 54

Downregulate 
misophon-
ic > Downreg-
ulate aversive

Misophonia Left SMA 149 0.002600 5.69 -8 2 52

Misophonia Right inferior parietal lobule 136 0.000300 7.51 64 -22 26

Misophonia Right posterior insula 89 0.001300 7.18 38 -2 2

Misophonia Right frontal opercular cortex 19 0.004400 6.48 36 26 10

Misophonia Left inferior parietal lobule 18 0.011010 5.76 -62 -20 24

Misophonia Left inferior parietal lobule 2 0.008700 5.93 -64 -22 36

Control Left postcentral gyrus (tongue/larynx area) 326 0.000800 6.07 -60 -16 20

Down-
regulate aver-
sive > Down-
regulate 
misophonic

Misophonia Right superior temporal gyrus (Heschl’s) 1048 0.000100 11.9 52 -8 2

Misophonia Left superior temporal gyrus (Heschl’s) 761 0.000100 9.94 -52 -16 6

Control Right superior temporal gyrus (Heschl’s) 281 0.000100 6.46 54 -6 2

Control Left superior temporal gyrus (Heschl’s) 44 0.000100 6.09 -52 -10 4

vlPFC = ventrolateral prefrontal cortex. dlPFC = dorsolateral prefrontal cortex. SMA = supplementary motor area. dmPFC = dorsomedial prefrontal cortex
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conducted in independent samples, replication is needed 
to confirm these findings.

Whole-brain functional connectivity  Compared to 
control participants, misophonic participants showed 
significantly lower coupling between activity in the left 
insula and activity in the right anterior superior temporal 
sulcus (z = 3.53, p = .0223) when listening to misophonic 
versus aversive sounds (Fig.  2B). Compared to clinical 
controls, misophonic participants also showed decreased 
functional connectivity between the right insula and the 
left dmPFC (z = 3.84, p = .00347) as well as between the 
right insula and the left ventromedial parietooccipital sul-
cus (z = 3.65, p = .000155) when listening to misophonic 
versus aversive sounds (Fig. 2C and D).

Insula functional connectivity with a-priori 
ROIs  Given that we found significant functional con-
nectivity differences between the left insula and the left 
dmPFC using an a priori ROI (Table 2), we used correla-
tion analyses to determine whether the strength of func-
tional connectivity between these regions was associated 
with clinical measures. We did not find any significant 

relationships between differences in left insula-dmPFC 
connectivity during listening to misophonic versus aver-
sive sounds and misophonia or emotion dysregulation 
severity.

Regulation of distress induced by misophonic sounds
Although the misophonia group displayed increased peak 
activation in the right insula and bilateral inferior parietal 
cortex during downregulation of distress associated with 
misophonic versus non-misophonic unpleasant stimuli, 
none of these functional changes were significantly cor-
related with clinical measures.

Insula functional connectivity with a-priori 
ROIs  Given that we found right insula hyperconnectiv-
ity with the bilateral dlPFC, left dmPFC, and left inferior 
parietal cortex when downregulating versus passively lis-
tening to misophonic sounds, we examined whether the 
degree of functional coupling in these five connections 
with the right insula was significantly correlated with 
clinical measures in the misophonia group. Increased 
functional connectivity between the right insula and the 
left dmPFC was associated with significantly higher total 

Fig. 2  Between-group differences in brain activation and functional connectivity when listening to misophonic versus aversive sounds. Blue-green scale 
indicates brain regions where participants with misophonia (n = 27) displayed less activation than control participants (n = 27), and red-yellow scale indi-
cates brain regions where participants with misophonia displayed increased activation compared to control participants. For 2 A, color-bar scale = 1-p. For 
2B, 2 C, 2D, color bar = z statistic. (A) Participants with misophonia show increased left supplementary motor area activation compared to clinical controls. 
(B) Participants with misophonia show decreased functional connectivity between right insula and right anterior superior temporal sulcus (aSTS) com-
pared to clinical controls. (C) Participants with misophonia show decreased functional connectivity between right insula and left dorsomedial prefrontal 
cortex (dmPFC) compared to clinical controls. (D) Participants with misophonia show decreased functional connectivity between right insula and left 
ventromedial parietooccipital sulcus compared to clinical controls
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Fig. 3 (See legend on next page.)
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DERS score (r = .426, p = .027). Specifically, greater right 
insula/left dmPFC connectivity during downregulation, 
compared with listening to misophonic sounds, was sig-
nificantly associated with increased non-acceptance of 
emotional responses (r = .488, p = .010; Fig. 3D). We also 
found that increased functional connectivity between the 
right insula and the right dlPFC was negatively correlated 
with ERQ (r = − .437, p = .026), indicating that low habitual 
use of cognitive reappraisal emotion regulation strategies 
may be associated with greater strength of right insula/
right dlPFC functional connectivity during downregulat-
ing versus listening to misophonic sounds (Fig. 3E). There 
were no significant correlations between clinical mea-
sures and functional coupling between right insula with 
left dlPFC, right insula with right dmPFC, or right insula 
with either left or right inferior parietal lobule.

Discussion
This study investigated the neural correlates of emo-
tional reactivity and regulation in adults with misopho-
nia compared to a transdiagnostic sample of adults with 
heighted emotion dysregulation. This is the first study 
to rigorously compare neural processes in misophonia 
with those of a clinical control group. Importantly, we 
first demonstrated that participants with misophonia 
experienced significantly higher distress both when lis-
tening to misophonic sounds and downregulating emo-
tions associated with these sounds compared to clinical 
controls. They also experienced significantly less distress 
when listening to aversive sounds and downregulating 
emotions associated with these sounds (see Supplement). 
Therefore, behavioral responses between the two groups 
differed, lending validity to the premise that misophonic 
trigger sounds are cognitively processed via mechanisms 
distinct from other aversive sounds.

Our hypotheses were partially supported. We found 
evidence of hyperactivity in the bilateral AIC when lis-
tening to misophonic versus aversive triggers in the 
misophonia group, although functional insula activa-
tion changes did not differ significantly between groups 
(H1). We did not find between-group differences in activ-
ity (H2) and connectivity (H3) with the dlPFC/vmPFC 
during the regulation of misophonic sounds. However, 
during the regulation of misophonic sounds, post-hoc 
analyses revealed increased right insula functional con-
nectivity with both left and right dmPFC in misophonic 

participants compared to controls. In the misopho-
nia group only, the strength of functional connectivity 
between right insula and left dmPFC during regulation 
was positively correlated with higher emotion dysregula-
tion in exploratory analyses. Finally, participants in the 
misophonia group showed increased right insula func-
tional connectivity with both left and right dlPFC dur-
ing the regulation of misophonic distress. Additionally, 
exploratory analyses showed that the strength of right 
insula/right dlPFC functional coupling was negatively 
correlated with the tendency to use cognitive reappraisal 
skills in the misophonia group.

Our data provide additional support to prior studies 
that found increased bilateral AIC activation when lis-
tening to misophonic sounds in participants with miso-
phonia versus non-clinical controls [20]. Given that the 
anterior insula has been shown to respond to the emo-
tional component of auditory stimuli [49, 50], our find-
ings suggests that misophonia may interfere with the 
neurobiological processes underlying the integration of 
emotion and auditory function in a way that is indepen-
dent of other disorders. In light of prior literature [6], 
these findings suggest that changes in the insular cortex 
reflect a unique disturbance in misophonia. Interest-
ingly, nearly all between-group differences in functional 
connectivity were observed in the right insula. The right 
insula is central to attention to bodily states that contrib-
ute to perceived emotional experience [51, 52], perhaps 
due to a greater density of functional connections with 
frontal regions than in the left insula [53, 54]. Further 
research is needed to examine the efficacy of decreasing 
right insula activation during cue exposure.

Additionally, while we expected to find between-group 
differences in vmPFC and dlPFC functional activation as 
well as insula connectivity with the vmPFC and dlPFC, 
we instead found between-group differences in insula-
dmPFC connectivity. The appraisal-by-content model of 
prefrontal cortex functional specialization proposes that, 
while all prefrontal subregions contribute to appraisal 
during emotion regulation, they differ in the content 
being appraised [55]. The dmPFC is thought to contrib-
ute to the evaluation of others’ mental states and traits, 
while the vmPFC appraises self-referential information, 
and the lateral PFC appraises emotional states and con-
text-dependent strategies. Given the growing body of 
evidence highlighting the importance of social context 

(See figure on previous page.)
Fig. 3  Downregulating versus listening to misophonic sounds: functional connectivity and associations between connectivity and emotion regulation. 
Red-yellow scale indicates brain regions where participants with misophonia displayed increased functional coupling compared to control participants. 
(A) Between-group differences in whole-brain functional connectivity with the left insula when downregulating versus listening to misophonic sounds. 
(B) Between-group differences in whole-brain functional connectivity with the right insula when downregulating versus listening to misophonic sounds. 
(C) Between-group differences in whole-brain functional connectivity with the right insula when downregulating misophonic versus aversive sounds. (D) 
Participants with misophonia show a positive correlation between non-acceptance of emotional responses (DERS) and right insula functional connectiv-
ity with the right dmPFC (r = .48, p = .010). (E) Participants with misophonia show a negative correlation between habitual use of cognitive reappraisal 
(ERQ) and right insula functional connectivity with the right dlPFC (r = − .437, p = .026)
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in misophonic distress [56–58], the increased involve-
ment of the dmPFC in the misophonia group may reflect 
greater externalized appraisal of misophonic reactions 
than in the clinical control group.

Conversely, the absence of vmPFC and dlPFC differ-
ences in our sample, despite prior reports of altered 
activity and connectivity in these regions when 

comparing individuals with misophonia to non-clinical 
controls, suggests that vmPFC/dlPFC function and their 
connectivity with the insula may reflect transdiagnostic 
mechanisms of emotion dysregulation (which are likely 
to be at play in misophonia) rather than processes unique 
to misophonia. Given our finding that increased insula-
PFC connectivity is associated with both greater emotion 

Table 2  Areas functionally connected with the insula following whole-brain gPPI analyses
Functional connectivity
Contrast Group Seed Cluster index voxels P Z-max Z-max

x 
(mm)

Z-
max 
y 
(mm)

Z-
max
z
(mm)

Downregulate 
aversive > Lis-
ten aversive

Misophonia > Control Left insula Right SMA 354 0.00135 4.35 6 0 62

Misophonia > Control Left insula Right dlPFC 339 0.00189 4.23 30 16 56

Misophonia > Control Right insula Right precuneus 209 0.0434 3.99 4 -46 68

Misophonia Left insula Right dlPFC 545 0.0000274 4.29 42 12 30

Listen miso-
phonic > Listen 
aversive

Control > Misophonia Left insula Right anterior superior tempo-
ral sulcus

234 0.0223 3.53 62 -26 -2

Control > Misophonia Right insula Left ventromedial parietooc-
cipital sulcus

446 0.000155 3.65 -6 -68 4

Control > Misophonia Right insula Left dmPFC 305 0.00347 3.84 0 20 42

Misophonia Right insula White matter 334 0.00177 4.60 38 -46 0

Listen miso-
phonic > Listen 
neutral

Control > Misophonia Right insula Right frontal pole 732 0.000001 4.44 32 38 46

Control > Misophonia Right insula Left dorsomedial parietooc-
cipital sulcus

288 0.005 3.76 -18 -56 22

Control > Misophonia Right insula Left precentral gyrus 271 0.00756 3.76 -12 -8 56

Control > Misophonia Right insula Left subgenual ACC 249 0.0131 3.98 0 46 4

Misophonia Right insula White matter 252 0.0121 3.64 30 -40 20

Downregu-
late miso-
phonic > Listen 
misophonic

Misophonia > Control Left insula Left anterior mid-cingulate 
cortex (dACC)

241 0.0241 3.69 -14 12 38

Misophonia > Control Right insula Right cuneus gyrus 2540 < 0.000001 4.61 12 -88 8

Misophonia > Control Right insula Right dmPFC 1026 < 0.000001 4.30 12 10 40

Misophonia > Control Right insula Left dmPFC 536 0.000030 4.25 -26 50 30

Misophonia > Control Right insula Left planum temporale 281 0.00678 4.02 -32 -30 14

Misophonia > Control Right insula Left inferior temporal gyrus 256 0.0124 4.16 -44 -64 0

Misophonia > Control Right insula Right paracentral lobule 242 0.0176 3.64 8 -34 50

Misophonia > Control Right insula Left thalamus 231 0.0232 4.57 -10 -22 10

Misophonia > Control Right insula Right middle temporal gyrus 219 0.0314 3.86 50 2 -28

Misophonia Right insula Right cuneus gyrus 3037 < 0.000001 5.10 10 -88 6

Misophonia Right insula Left dmPFC 1124 < 0.000001 4.31 0 40 40

Misophonia Right insula Right inferior parietal lobule 1123 < 0.000001 4.09 52 -44 44

Misophonia Right insula Left inferior parietal lobule 590 0.000011 4.09 -28 -70 50

Misophonia Right insula Left dlPFC 450 0.000164 3.97 -26 50 32

Misophonia Right insula Left paracentral lobule 278 0.00728 3.75 -2 -34 50

Misophonia Right insula Right thalamus 271 0.00862 4.46 6 -20 10

Misophonia Right insula Right dlPFC 258 0.0118 3.58 46 20 44

Misophonia Right insula Right dorsomedial parietooc-
cipital sulcus

254 0.013 4.11 22 -68 28

Misophonia Right insula Left thalamus 220 0.0306 4.12 -10 -8 -2

Misophonia Right insula Right caudate 220 0.0306 4.62 14 8 18

Misophonia Right insula Left dlPFC 217 0.0331 3.92 -44 6 38

Downregulate 
misophon-
ic > Downregu-
late aversive

Misophonia > Control Right insula Right cuneus gyrus 644 0.000007 4.46 2 -76 0

Misophonia Right insula Right thalamus 406 0.000627 4.27 10 -20 12
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dysregulation and reduced use of cognitive reappraisal in 
misophonia, interventions that develop cognitive reap-
praisal skills to reduce misophonic distress appear to be 
a promising next step in intervention development. Addi-
tional research is needed to better understand how adults 
with misophonia appraise misophonic distress and how 
different PFC subregions contribute to appraisal in this 
population.

Our secondary goal was to explore neural differences 
between groups during the downregulation of emotional 
distress in response to misophonic trigger sounds. In 
the misophonic group, compared with clinical controls, 
we found increased connectivity between the left insula 
and the left dACC when downregulating, versus listen-
ing to misophonic trigger sounds, highlighting a possible 
increased involvement of the salience network in miso-
phonia during regulation. The dACC is critical for moti-
vating emotion regulation by monitoring contexts that 
influence action choice [53] and, along with the mPFC, 
contributes to the appraisal of negative emotion [59]. 
Dysfunction in this circuit during regulation may reflect 
hyperactive monitoring of auditory stimuli perceived as 
distressing, leading to ineffective selection of regulatory 
strategies. Increased activation of regions that func-
tion to process basic and higher-order visual features 
(right cuneus, right middle temporal gyrus, left inferior 
temporal gyrus), auditory comprehension (left planum 
temporale), sensory perception (right paracentral lobule 
and left thalamus) during regulation in the misophonia 
group compared to clinical controls may indicate that 
multimodal sensory integration requires greater cogni-
tive resources for adults with misophonia versus clini-
cal controls. When downregulating aversive stimuli, we 
found, as expected, activation in the emotion regulation 
network with no differences between groups.

Taken together, our results suggest that misophonia 
may display triple network instability, as evidenced by 
insula hyperactivation in response to misophonic trig-
ger sounds and insula-PFC hyperconnectivity associated 
with the downregulation of misophonic distress in the 
misophonia group. These findings suggest that misopho-
nia represents a distinct clinical condition warranting 
formal classification and targeted intervention. Compo-
nents of these large-scale networks, such as the dmPFC 
and/or dlPFC, would therefore be candidate targets for 
future research aimed at developing and optimizing 
neurostimulation interventions to treat misophonia. We 
did not find evidence supporting differential prefrontal 
cortex nor insula activation between groups, suggest-
ing that engagement of neural networks via connectivity 
between the prefrontal cortex and other emotion regula-
tion regions (i.e., insula) may underlie between-group dif-
ferences in neural patterns. The uniquely dysfunctional 
insula functional connectivity patterns in misophonia 

relative to clinical controls supports the view that miso-
phonia is an independent disorder. Given that our func-
tional connectivity analyses identify task-related coupling 
but not directionality, future longitudinal studies are 
needed to clarify whether aberrant insula functional 
connectivity is a causal mechanism of misophonia 
pathophysiology.

We opted to personalize the stimuli included in the 
imaging experiment to enhance ecological validity. It is 
possible that, while more closely mimicking the miso-
phonic and aversive sound experience, this design 
decision could have introduced heterogeneity that, in 
principle, could reduce internal validity and obscure 
mechanistic inferences. Nevertheless, misophonia is 
highly context-dependent [57], and standardized sound 
sets may fail to elicit the core phenomenon. Personal-
ization, therefore, represents a necessary design choice 
rather than a methodological weakness. Importantly, 
several factors mitigate the concern that between-group 
differences reflect variability in stimulus content rather 
than underlying neural mechanisms. First, participants 
explicitly identified the selected sounds as misophonic 
triggers during the sound task, ensuring that stimuli 
were valid exemplars of each participant’s trigger profile. 
Second, both groups exhibited comparable variability 
in the types of sounds chosen (see Supplement), mak-
ing it unlikely that systematic group differences in the 
acoustic or semantic properties of the selected sounds 
drove the observed neural effects. Third, despite the 
additional variability introduced by personalization, our 
findings replicate core patterns reported in prior miso-
phonia neuroimaging studies that prioritized standard-
ization [20], further supporting the interpretation that 
these effects reflect genuine diagnostic differences rather 
than idiosyncratic stimulus features. In this light, the fact 
that robust group differences emerged despite increased 
stimulus variability strengthens, rather than weakens, our 
confidence that the results capture meaningful neural 
signatures of misophonia.

One limitation of the current study is that misophonic 
trigger sounds were drawn from standard sound data-
bases and the prior literature. Although sound sets were 
personalized based on the level of distress specific to each 
participant, current misophonia research highlights the 
importance of social context in sound processing [57]; it 
is, therefore, unclear whether neural correlates of miso-
phonic sound processing may differ based on additional 
contextual factors, such as the presence of visual stimuli 
that accompany common auditory triggers (i.e., visual-
izing mouth movement in addition to hearing chewing 
sounds) or the closeness of the relationship to the person 
producing the trigger sound. A second limitation is the 
low racial and gender diversity in our sample, which con-
strains the generalizability of our findings. Third, missing 
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fMRI data from a subset of the sample may have reduced 
statistical power in detecting neuroimaging effects; along 
this line, while the study was adequately powered based 
on expected effect sizes derived from previous neuroim-
aging comparisons between adults with misophonia (n = 
22) and a non-clinical control group (n = 20), it is pos-
sible that comparing adults with misophonia (n = 27) to 
another clinical group (n = 27) may require a larger sam-
ple size for adequate detection power given the clinical 
overlap in emotion dysregulation. Future studies should 
therefore replicate our findings in larger samples. Fourth, 
the clinical group had higher emotion dysregulation than 
the misophonia group, and, as a result, the observed dif-
ferences could also reflect differences in emotion dys-
regulation between groups. Additional research should 
match clinical and misophonic participants on emotion 
dysregulation severity and replicate these analyses. Fifth, 
participants with misophonia rated sounds marked as 
misophonic as more aversive than participants in the 
control group. While this validates our experimental 
paradigm, the observed differences may stem from dif-
ferences in affect intensity in response to these sounds. 
Future studies should better match sounds for control 
samples. Sixth, exploratory post-hoc tests examining 
the relationships between clinical measures and neural 
changes in a-priori ROIs during contrasts of interests 
were uncorrected and should therefore be interpreted as 
preliminary. Finally, although this study was designed to 
examine differences between two clinical groups (miso-
phonia and transdiagnostic emotion dysregulation), the 
absence of a group without a psychiatric history lim-
its our ability to replicate previously reported between-
group differences in brain activation in adults with 
misophonia and in non-clinical adults [20, 21].

This study has provided essential insights into miso-
phonia by highlighting brain regions and circuitry that 
may be effective targets for neuroscience-based thera-
peutic interventions, using behavioral, device-based, 
pharmacological, brain stimulation, or other treatment 
modalities. We have demonstrated that while some 
neural patterns during reactivity and regulation overlap 
across groups, other patterns exhibit differential neural 
activation and functional connectivity patterns in par-
ticipants with misophonia compared to non-misophonic 
controls characterized by transdiagnostic emotion dys-
regulation. These differences are observed particularly in 
brain regions and circuits involved in reappraisal when 
participants are asked to downregulate the emotional 
distress elicited by misophonic cues. We have also shown 
that these altered activation and connectivity patterns 
are associated with emotion dysregulation in adults with 
misophonia. Our results suggest that aberrant activation 
and connectivity in the insula may lead to imbalances in 
the cognitive control network, which may contribute to 

dysfunctional emotional and sensorimotor processing of 
trigger sounds in participants with misophonia. Research 
using non-invasive neuromodulatory interventions to 
target the frontoparietal network to boost its cognitive 
control function is ongoing; critical future directions of 
this line of work include characterizing how brain acti-
vation and brain connectivity in misophonia change after 
therapeutic interventions, as well as whether any post-
intervention neurobiological changes are associated with 
reduced emotional distress and/or improved regulation.

Abbreviations
fMRI	� functional magnetic resonance imaging
DSM-V	� Diagnostic and Statistical Manual of Mental Disorders, 5th 

Edition
dmPFC	� dorsomedial prefrontal cortex
dACC	� dorsal anterior cingulate cortex
vlPFC	� ventrolateral prefrontal cortex
dlPFC	� dorsolateral prefrontal cortex
ACC	� Anterior cingulate cortex
IPC	� Inferior parietal cortex
OFC	� Orbitofrontal cortex
AIC	� Anterior insular cortex
vmPFC	� ventromedial prefrontal cortex
MCC	� Midcingulate cortex
PMv	� Ventral premotor cortex
SMA	� Supplementary motor area
STC	� Superior temporal cortex
ROI	� Region of interest
DERS	� Difficulties in Emotion Regulation Scale
SUDS	� Subjective units of distress
SCID-5	� Structured Interview for DSM-5 Disorders
rMT	� resting motor threshold
rTMS	� repetitive transcranial magnetic stimulation
MQ	� Misophonia Questionnaire
DMQ	� Duke Misophonia Questionnaire
ERQ	� Emotion Regulation Questionnaire
GLM	� General linear model
TFCE	� Threshold-free cluster enhancement
PPI	� Psychophysiological interaction
MMANOVA	� Mixed-effects hierarchical linear model

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​8​6​/​s​1​2​8​8​8​-​0​2​6​-​0​8​3​3​1​-​3​​​​​.​​

Supplementary Material 1

Acknowledgements
The authors would like to thank the participants who took part in this study 
and acknowledge Lisalynn Kelley, Judit Wright, Eleanor Wood, John Powers, 
PhD, Lysianne Beynel, PhD, Simon Davis, PhD, Sukhbinder Kumar, PhD, Deepika 
Anand, PhD, Brenden Li, Victoria Szymkiewicz, Joshua Kang, and our research 
assistants and the DUMC CMER, BIAC and BSRC staff for their contributions.

Author contributions
ADN contributed to funding acquisition, study conceptualization, project 
administration, methodology, formal analysis, data curation, supervision, 
writing of the original draft, and review and editing of the final draft. 
NG contributed to formal analysis, data curation, writing of the original 
draft, and review and editing of the final draft. JLG contributed to study 
conceptualization, formal analysis, methodology, writing of the original draft, 
and review and editing of the final draft. NBP contributed to the methodology, 
review, and editing of the final draft. JYC contributed to the methodology, 
review, and editing of the final draft. MZR contributed to funding acquisition, 

https://doi.org/10.1186/s12888-026-08331-3
https://doi.org/10.1186/s12888-026-08331-3


Page 14 of 15Neacsiu et al. BMC Psychiatry          (2026) 26:731 

study conceptualization, methodology, supervision, and review and editing 
of the final draft. KSL contributed to study conceptualization, funding 
acquisition, methodology, supervision, and review and editing of the final 
draft.

Funding
A REAM Foundation Misophonia Research Fund grant, awarded to ADN, 
supported this research and the manuscript’s completion. NG was 
supported by an NIMH NRSA fellowship (1 F30 MH134460-01A1). Neither 
the REAM Foundation nor the NIMH had any further role in study design; 
in the collection, analysis, and interpretation of data; in the writing of this 
manuscript; or in the decision to submit this manuscript for publication.

Data availability
The datasets supporting the conclusions of this article are available from the 
corresponding author upon reasonable request.

Declarations

Human ethics and consent to participate
This study was pre-registered at clinicaltrials.gov (Clinical Trials ID: 
NCT04348591; date of registration: 4/13/2020) and ran between October 
2020 and May 2022. The study was submitted to and approved by the 
Duke University Health System Institutional Review Board (Reference ID: 
Pro00103863-INIT-1.0). Informed consent to participate was obtained from all 
the participants in the study. This study adhered to the Declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Psychiatry and Behavioral Sciences, Duke University, 
Durham, NC, USA
2Department of Psychology and Neuroscience, Duke University, Durham, 
NC, USA
3Department of Neurology, Duke University Medical Center, Durham, NC, 
USA
4Brain Stimulation Research Center, Duke University Medical Center 
(102505), Durham, NC 27710, USA

Received: 2 January 2026 / Accepted: 19 June 2026

References
1.	 Swedo SE, Baguley DM, Denys D, Dixon LJ, Erfanian M, Fioretti A, et alConsen-

sus definition of misophonia: a Delphi study. Front Neurosci. 2022;16:841816. 
https:/​/doi.or​g/10.33​89/f​nins.2022.841816.

2.	 Werner K, Gross JJ. Emotion regulation and psychopathology: A conceptual 
framework. In: Kring AM, Sloan DM, editors. Emotion regulation and psycho-
pathology: A transdiagnostic approach to etiology and treatment. New York, 
NY, US: Guilford Press; 2010. pp. 13–37.

3.	 Kring AM, Werner KH. Emotion Regulation and Psychopathology. In: Philippot 
P, Feldman RS, editors. The regulation of emotion. Mahwah, NJ, US: Lawrence 
Erlbaum Associates; 2004. pp. 359–85.

4.	 Kring AM, Sloan DM. Emotion regulation and psychopathology: a transdi-
agnostic approach to etiology and treatment. Guilford Press; 2009. p. 479. 
2009/11/04/.

5.	 Siepsiak M, Dragan W. Misophonia-a review of research results and theoreti-
cal concepts. Psychiatr Pol. 2019;53(2):447–58.

6.	 Neacsiu AD, Szymkiewicz V, Galla JT, Kulkarni Y, Li B, Spector CThe neurobiol-
ogy of misophonia and implications for novel, neuroscience-driven interven-
tions. Front Neurosci. 2022;16:893903. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​n​i​n​s​.​2​0​2​2​.​8​9​3​
9​0​3​​​​​.​​​

7.	 Rosenthal MZ, Shan Y, Hanna M. Misophonia is a newly defined disorder, but 
is it an anxiety disorder? Ann Rev Clin Psychol. 2026;22.

8.	 Dixon LJ, Schadegg MJ, Clark HL, Sevier CJ, Witcraft SMPrevalence, phenom-
enology, and impact of misophonia in a nationally representative sample of 
US adults. J Psychopathol Clin Sci. 2024;133(5):403. ​h​t​t​​​​p​​s​:​​/​​/​d​​o​​i​.​o​r​g​/​1​0​.​1​0​3​7​/​a​
b​n​0​0​0​0​9​0​4​​​​​.​​​

9.	 Goldin PR, McRae K, Ramel W, Gross JJ. The Neural Bases of Emotion Regula-
tion: Reappraisal and Suppression of Negative Emotion. Biol Psychiatry. 
2008;63(6):577–86.

10.	 Ochsner KN, Gross JJ. The neural architecture of emotion regulation. Handb 
Emot Regul. 2007;1(1):87–109.

11.	 Morawetz C, Bode S, Derntl B, Heekeren HR. The effect of strategies, goals and 
stimulus material on the neural mechanisms of emotion regulation: A meta-
analysis of fMRI studies. Neurosci Biobehavioral Reviews. 2017;72:111–28.

12.	 Kalisch R. The functional neuroanatomy of reappraisal: time matters. Neurosci 
Biobehavioral Reviews. 2009;33(8):1215–26.

13.	 Shackman AJ, Salomons TV, Slagter HA, Fox AS, Winter JJ, Davidson RJ. The 
integration of negative affect, pain and cognitive control in the cingulate 
cortex. Nat Rev Neurosci. 2011;12(3):154–67.

14.	 Ochsner KN, Silvers JA, Buhle JT. Functional imaging studies of emotion 
regulation: a synthetic review and evolving model of the cognitive control of 
emotion. Ann N Y Acad Sci. 2012;1251:E1–24.

15.	 Banks SJ, Eddy KT, Angstadt M, Nathan PJ, Phan KL. Amygdala–frontal 
connectivity during emotion regulation. Soc Cognit Affect Neurosci. 
2007;2(4):303–12.

16.	 Beauregard M. Effect of mind on brain activity: evidence from neuroim-
aging studies of psychotherapy and placebo effect. Nord J Psychiatry. 
2009;63(1):5–16.

17.	 Menon V. Large-scale brain networks and psychopathology: a unifying triple 
network model. Trends Cogn Sci. 2011;15(10):483–506.

18.	 Alderson-Day B, Diederen K, Fernyhough C, Ford JM, Horga G, Margulies DS, 
et al. Auditory Hallucinations and the Brain’s Resting-State Networks: Findings 
and Methodological Observations. Schizophr Bull. 2016;42(5):1110–23.

19.	 De Ridder D, Vanneste S, Song J-J, Adhia D. Tinnitus and the Triple Network 
Model: A Perspective. ceo. 2022;15(3):205–12.

20.	 Kumar S, Tansley-Hancock O, Sedley W, Winston JS, Callaghan MF, Allen M, et 
al. The brain basis for misophonia. Curr Biol. 2017;27(4):527–33.

21.	 Schröder A, van Wingen G, Eijsker N, San Giorgi R, Vulink NC, Turbyne C, et 
al. Misophonia is associated with altered brain activity in the auditory cortex 
and salience network. Sci Rep. 2019;9(1):1–9.

22.	 Cerliani L, Rouw R. Increased orbitofrontal connectivity in misophonia. 
bioRxiv. 2020.

23.	 San Giorgi R. Hyperactivity in amygdala and auditory cortex in misophonia: 
preliminary results of a functional magnetic resonance imaging study. 
Amsterdam Brain Cognition J. 2015;2:21–8.

24.	 Grossini E, Stecco A, Gramaglia C, De Zanet D, Cantello R, Gori B, et al. Miso-
phonia: Analysis of the neuroanatomic patterns at the basis of psychiatric 
symptoms and changes of the orthosympathetic/parasympathetic balance. 
Front Neurosci. 2022;16:827998.

25.	 Gu X, Hof PR, Friston KJ, Fan J. Anterior insular cortex and emotional aware-
ness. J Comp Neurol. 2013;521(15):3371–88.

26.	 Droutman V, Bechara A, Read SJ. Roles of the different sub-regions of the 
insular cortex in various phases of the decision-making process. Front Behav 
Neurosci. 2015;9:309.

27.	 Rolls ET, Grabenhorst F. The orbitofrontal cortex and beyond: from affect to 
decision-making. Prog Neurobiol. 2008;86(3):216–44.

28.	 Yoshimura S, Ueda K, Suzuki S-i, Onoda K, Okamoto Y, Yamawaki S. Self-
referential processing of negative stimuli within the ventral anterior cingulate 
gyrus and right amygdala. Brain Cogn. 2009;69(1):218–25.

29.	 Fan Y, Duncan NW, de Greck M, Northoff G. Is there a core neural network in 
empathy? An fMRI based quantitative meta-analysis. Neurosci Biobehavioral 
Reviews. 2011;35(3):903–11.

30.	 De Brito SA, Mechelli A, Wilke M, Laurens KR, Jones AP, Barker GJ, et al. Size 
matters: Increased grey matter in boys with conduct problems and callous–
unemotional traits. Brain. 2009;132(4):843–52.

31.	 Singer T, Seymour B, O’Doherty J, Kaube H, Dolan RJ, Frith CD. Empathy for 
pain involves the affective but not sensory components of pain. Science. 
2004;303(5661):1157–62.

32.	 Neacsiu AD, Beynel L, Gerlus N, LaBar KS, Bukhari-Parlakturk N, Rosenthal MZ. 
An experimental examination of neurostimulation and cognitive restructur-
ing as potential components for Misophonia interventions. J Affect Disord. 
2024;350:274–85.

https://doi.org/10.3389/fnins.2022.841816
https://doi.org/10.3389/fnins.2022.893903
https://doi.org/10.3389/fnins.2022.893903
https://doi.org/10.1037/abn0000904
https://doi.org/10.1037/abn0000904


Page 15 of 15Neacsiu et al. BMC Psychiatry          (2026) 26:731 

33.	 Wu MS, Lewin AB, Murphy TK, Storch EA. Misophonia: incidence, phenom-
enology, and clinical correlates in an undergraduate student sample. J Clin 
Psychol. 2014;70(10):994–1007.

34.	 Gratz KL, Roemer L. Multidimensional Assessment of Emotion Regulation 
and Dysregulation: Development, Factor Structure, and Initial Validation of 
the Difficulties in Emotion Regulation Scale. J Psychopathol Behav Assess. 
2004;26(1):41–54.

35.	 Neacsiu AD, Beynel L, Graner JL, Szabo ST, Appelbaum LG, Smoski MJ, et al. 
Enhancing Cognitive Restructuring with Concurrent fMRI-guided Neuro-
stimulation for Emotional Dysregulation: A Randomized Controlled Trial. J 
Affect Disord. 2022;301:378–89.

36.	 First MB, Williams JB, Karg RL. Structured Clinical Interview for DSM-5 Disor-
ders (Research Version: SCID-5-RV). Washington, DC: American Psychiatric 
Publishing; 2015.

37.	 First MB, Williams JB, Benjamin LS, Spitzer MD. Structured Clinical Interview 
for DSM-5 Personality Disorders (SCID-5-PD). Washington D.C.: American 
Psychiatric Association Publishing; 2016.

38.	 Dunn LM. PPVT-revised manual. Circle Pines, MN: American Guidance Service; 
1981.

39.	 Smith EE, Guzick AG, Draper IA, Clinger J, Schneider SC, Goodman WK, et al. 
Perceptions of various treatment approaches for adults and children with 
misophonia. J Affect Disord. 2022;316:76–82.

40.	 Seidel P, Levine SM, Tahedl M, Schwarzbach JV. Temporal signal-to-noise 
changes in combined multislice-and in-plane-accelerated echo-planar imag-
ing with a 20-and 64-channel coil. Sci Rep. 2020;10(1):5536.

41.	 Rosenthal MZ, Anand D, Cassiello-Robbins C, Williams ZJ, Guetta RE, Trumbull 
J, et al. Development and initial validation of the Duke Misophonia Question-
naire. Front Psychol. 2021;12:709928.

42.	 Gross JJ, John OP. Emotion regulation questionnaire. J Personal Soc Psychol. 
2012.

43.	 Esteban O, Markiewicz CJ, Blair RW, Moodie CA, Isik AI, Erramuzpe A, et al. 
fMRIPrep: a robust preprocessing pipeline for functional MRI. Nat Methods. 
2019;16(1):111.

44.	 Jezzard P, Balaban RS. Correction for geometric distortion in echo planar 
images from B0 field variations. Magn Reson Med. 1995;34(1):65–73.

45.	 Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW, Smith SM. Fsl Neuro-
image. 2012;62(2):782–90.

46.	 Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing 
problems of smoothing, threshold dependence and localisation in cluster 
inference. NeuroImage. 2009;44(1):83–98.

47.	 Winkler AM, Ridgway GR, Webster MA, Smith SM, Nichols TE. Permutation 
inference for the general linear model. NeuroImage. 2014;92:381–97.

48.	 Worsley KJ. Statistical analysis of activation images. Funct MRI: introduction 
methods. 2001;14(1):251–70.

49.	 Zhang Y, Zhou W, Wang S, Zhou Q, Wang H, Zhang B, et al. The Roles of Sub-
divisions of Human Insula in Emotion Perception and Auditory Processing. 
Cereb Cortex. 2018;29(2):517–28.

50.	 Bamiou D-E, Musiek FE, Luxon LM. The insula (Island of Reil) and its role in 
auditory processing: literature review. Brain Res Rev. 2003;42(2):143–54.

51.	 Straube T, Miltner WH. Attention to aversive emotion and specific activa-
tion of the right insula and right somatosensory cortex. NeuroImage. 
2011;54(3):2534–8.

52.	 Eckert MA, Menon V, Walczak A, Ahlstrom J, Denslow S, Horwitz A, et al. At 
the heart of the ventral attention system: the right anterior insula. Hum Brain 
Mapp. 2009;30(8):2530–41.

53.	 Veréb D, Kincses B, Spisák T, Schlitt F, Szabó N, Faragó P, et al. Resting-state 
functional heterogeneity of the right insula contributes to pain sensitivity. Sci 
Rep. 2021;11(1):22945.

54.	 Scalabrini A, Wolman A, Northoff G. The self and its right insula-differential 
topography and dynamic of right vs. left insula. Brain Sci. 2021;11(10).

55.	 Dixon ML, Thiruchselvam R, Todd R, Christoff K. Emotion and the prefrontal 
cortex: An integrative review. Psychol Bull. 2017;143(10):1033.

56.	 Berger JI, Gander P, Kumar S. A social cognition perspective on misophonia. 
2023.

57.	 Siepsiak M, Vrana SR, Rynkiewicz A, Rosenthal MZ, Dragan W. Does context 
matter in misophonia? A multi-method experimental investigation. Front 
Neurosci. 2022;16:880853.

58.	 Hansen HA, Leber AB, Saygin ZM. The effect of misophonia on cognitive and 
social judgments. PLoS ONE. 2024;19(5):e0299698.

59.	 Etkin A, Egner T, Kalisch R. Emotional processing in anterior cingulate and 
medial prefrontal cortex. Trends Cogn Sci. 2011;15(2):85–93.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Patterns of shared and differential neural activity in misophonia and non-misophonic clinical emotional dysregulation
	﻿Abstract
	﻿Introduction
	﻿Brain regions implicated in prior normative imaging studies of emotion regulation
	﻿The neurobiology of emotion dysregulation
	﻿Brain regions implicated in prior imaging studies of misophonia
	﻿The present study
	﻿Hypothesis-driven aims
	﻿Exploratory aims

	﻿Experimental procedures
	﻿Recruitment procedures
	﻿Inclusion criteria
	﻿Participant characteristics
	﻿Initial assessment
	﻿Imaging session
	﻿Outcome measures
	﻿Neuroimaging data processing
	﻿Exploratory ROI analyses

	﻿Results
	﻿Behavioral responses to misophonic sounds
	﻿Hypothesis-driven fMRI analyses
	﻿Response to misophonic sounds (H1)
	﻿Regulation of distress induced by misophonic sounds (H2)
	﻿Whole-brain functional connectivity (H3)


	﻿Exploratory analyses
	﻿Response to misophonic sounds
	﻿Whole-brain functional connectivity
	﻿Insula functional connectivity with a-priori ROIs


	﻿Regulation of distress induced by misophonic sounds


