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With Neurophysiological Responses:
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Abstract

Being choked or strangled during partnered sex is an emerging sexual behavior, prevalent among young
adult women. The goal of this study was to test whether, and to what extent, frequently being choked or
strangled during sex is associated with cortical surface functioning and functional connectivity. This case-
control study consisted of two groups (choking vs. choking-naive). Women who were choked 4 or more
times during sex in the past 30 days were enrolled into the choking group, whereas those without were
assigned to the choking-naive group. We collected structural and resting-state functional magnetic reso-
nance imaging (fMRI) data and analyzed the data for amplitude of low-frequency fluctuation (ALFF) and
regional homogeneity (ReHo) using cortical surface-based resting-state fMRI analysis, followed by static
and dynamic resting-state fMRI connectivity analysis. Forty-one participants (choking n=20; choking-
n-aive n=21) contributed to the analysis. An inter-hemispheric imbalance in neuronal activation pattern
was observed in the choking group. Specifically, we observed significantly lower ALFF and ReHo in the
left cortical regions (e.g., angular gyrus, orbitofrontal gyrus) and higher ALFF and ReHo in the right cortical
regions (e.g., pre-central/post-central gyri) in the choking group compared with the choking-naive group.
A significant group difference was found in static functional connectivity between the bilateral angular
gyrus and the whole brain, in which the choking group’s angular gyrus showed hyperconnectivity with,
for example, the post-central gyrus, pre-central gyrus, and Rolandic operculum, relative to the choking-
naive group. The dynamic analysis revealed hyperconnectivity between the left angular gyrus and the bi-
lateral postcentral gyrus in the choking group compared with the choking-naive group. Taken together, our
data show that multiple experiences of sexual choking/strangulation are associated with an inter-
hemispheric imbalance in neural activation pattern and hyperconnectivity between the angular gyrus
and brain regions related to motor control, consciousness, and emotion. A longitudinal study using
multi-modal neurological assessments is needed to clarify the acute and chronic consequences of sexual
choking/strangulation.
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Introduction

Emerging adulthood is a time of neurodevelopment, dur-
ing which neural networks within the prefrontal cortex
and limbic structures continue to mature and promote
emotional regulation, self-esteem, and cognition.'?
Also, during these years, most young adults engage in
various forms of sexual exploration of sexual preferences
and pleasure, emotional intimacy, and sexual identi-
ties.” Although explorations are normative within sexual
development, they are not without risks: some are well-
recognized (e.g., sexually transmitted infections, unin-
tended pregnancy), whereas others have begun to emerge,
such as being choked/strangled during partnered sex.

Sexual choking is technically a form of strangulation
in which a partner applies external pressure to the neck
using their hands, limb, or a ligature, as opposed to inter-
nal blockage of the airways.*> We use the term choking
at times because that is the term widely used in pornog-
raphy, social media, and mainstream media by people
who engage in this sexual practice.®’ Because of eas-
ier access to online sexual content and social media,
choking/strangulation during sex has become prevalent
among young adults, especially women.*'° In our recent
random sample survey of 4989 college students, 58% of
women reported ever having been choked/strangled
during sex, and 33% of women had experienced being
choked at least 5 times in the past.®

Although in most cases, choking during sex is consen-
sual,'! there are varying perspectives. For example, in
recent in-depth interviews with 24 young adult women,
many of them stated that being choked/strangled during
sex enhances sexual arousal and is a pleasurable part
of sex, whereas others described their motivations for
being choked/strangled during sex as primarily to please
their sexual partner. Further, some reported that the chok-
ing/strangulation experience led to physical or emotional
distress (e.g., losing consciousness, feeling unsafe).'?
Herbenick and colleagues13 revealed that women who
had been choked/strangled during sex more than 5
times in the last month were twice as likely to report ex-
periencing depression, anxiety, sadness, and loneliness as
their choking-naive counterparts. These findings from
survey studies warrant studies to investigate the neuro-
physiological responses to repetitive sexual choking
events.

To begin addressing this knowledge gap, we conduc-
ted a case-control study using a battery of resting-state
functional magnetic resonance imaging (rs-fMRI) tech-
niques to examine neurophysiological characteristics in
women who had been choked during sex 4 or more

times in the past 30 days (choking group) compared
with women without any choking/strangulation history
(choking-naive group). The lower threshold of 4 or more
times reflects weekly exposure over 30 days.

Our rs-fMRI analysis involved three steps. First, we
conducted a cortical surface-based analysis, which has
superior test-retest reliability and spatial specificity com-
pared with volume-based analysis,'” to examine the
amplitude of low-frequency fluctuation (ALFF) and regi-
onal homogeneity (ReHo).'® ALFF estimates the total
power or density of neural signals in each brain region,
whereas ReHo estimates the coherence or synchrony of
neighboring neural activity. The ALFF and ReHo meth-
ods do not require an a priori definition of the region
of interest (ROI) and can provide information about
regional neural activity throughout the brain.'® Second,
we conducted a seed-based, static resting-state functional
connectivity (rs-FC) analysis,'”'® followed by a seed-
based, dynamic rs-FC analysis to validate the static
analysis, given that the dynamic analysis can capture
temporal variability in the fMRI signal to accurately
reflect functional connectivity.21 Therefore, the current
study aimed to explore neurophysiological differences
between the choking group and the choking-naive
group through assessments of localized neural activity
and neighboring neuronal connectivity.

Methods

Participants

This case-control study consisted of two groups (choking
group vs. choking-naive group) and was conducted from
February 2021 to June 2021. Individuals were recruited
from our separate campus-representative sexual health
survey and from an online post on the Indiana University
classifieds. Following consent to study participation, all
participants completed a screening questionnaire to
determine eligibility and group assignment. For general
inclusion, participants were required to be female,
enrolled at Indiana University, and between 18 and 30
years of age. For the choking group, additional inclu-
sion criteria were that the women reported having been
choked 4 or more times during consensual partnered sex-
ual events in the past 30 days, whereas the women in the
choking-naive group were free of any lifetime sexual
choking/strangulation experience. Participants in both
groups were excluded if they were pregnant or had
had a moderate-to-severe traumatic brain injury (TBI),
although mild TBI was permitted. However, women
with mild TBI within the past year and a history of
more than two mild TBIs were excluded. Additional
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exclusion criteria were any MRI contraindications, neu-
rological conditions (e.g., epilepsy, aneurysm, tumor),
or psychological/psychiatric conditions (e.g., psychosis,
post-traumatic stress disorder). The Indiana University
Institutional Review Board approved the study, and writ-
ten informed consent was obtained from all participants.

After confirming eligibility and group assignment, we
scheduled the participants for data collection. In addition
to completing a questionnaire about their health history
and experiences with being choked during partnered sex-
ual events, participants in both groups completed the
Patient Health Questionnaire (PHQ-9) for depression-
related symptoms,”**' the Generalized Anxiety Disorder
Assessment (GAD-7) for anxiety-related symptoms,**>>
and the Alcohol Use Disorders Identification Test
(AUDIT) for assessment of alcohol consumption, drink-
ing behaviors, and alcohol-related problems.z‘t’25

MRI data acquisition

The MRI data were acquired on a 3T Siemens Prisma
MRI scanner (Siemens, Erlangen, Germany) equipped
with a 64-channel head/neck coil. Anatomical MRI was
also obtained using a Tl1-weighted, three-dimensional
(3D) magnetization prepared rapid gradient echo
(MPRAGE) pulse sequence with the following param-
eters: repetition time (TR)/echo time (TE)=2400/
2.3 msec, inversion time (TI)=1060 msec, flip angle=8§
degrees, matrix=320x320, bandwidth=210Hz/pixel,
iPAT =2, which resulted in 0.8-mm isotropic resolution.
Resting-state  BOLD (blood-oxygen-level-dependent)
signal was collected using a simultaneous multi-slice
(SMS) single-shot echo-planar imaging (EPI) sequence
with the following parameters: TR/TE=800/30 msec,
flip angle=52 degrees, matrix=90%90, field of view
(FOV)=216mm, resolution=2.4mm isotropic, and
multi-band acceleration factor=6, with 1000 total vol-
umes acquired over 12 min. This sequence was acquired
while the participant was asked to relax with their eyes
open while passively viewing a crosshair.

Preprocessing for surface-based analysis

The workflows of the preprocessing for surface-based
analysis require extensive steps, as described in fMRI-
Prep.?® The detailed steps can be found in Supplementary
Appendix S1. Preprocessing for anatomical data included
that each participant’s T1-weighted image was corrected
for intensity non-uniformity. The T1 image was skull-
stripped, and brain tissue segmentation of cerebrospinal
fluid (CSF), white matter (WM), and gray matter (GM)
was performed on the brain-extracted T1 image. Brain
surfaces were reconstructed using recon-all (FreeSurfer
6.0.1).%” The brief summary of preprocessing steps is
as follows: 1) a reference volume and its skull-striped
version were generated using fMRIPrep; 2) the BOLD
reference was co-registered to the T1 image; 3) head-

motion parameters with respect to the BOLD reference
were estimated before any spatiotemporal filtering; 4)
the BOLD time-series were resampled onto their original,
native space by applying the transforms to correct for
head motion; and 5) head motions that were beyond a
threshold of frame-wise displacement >0.2 mm, as well
as 1 volume before and 2 volumes after, were identified
using Friston 24-parameter model regression and exclu-
ded to address the residual effects of motion in group
analyses.

ALFF and ReHo analyses

After the preprocessing, ALFF and ReHo analyses were
conducted using DPABISurf.'’° For ALFF, the resam-
pled functional images were spatially smoothed with
a full-width-at-half-maximum (FWHM) of 6 mm. De-
trend and band-pass filtering (0.01-0.1 Hz) were perfor-
med to remove the effects of low-frequency drift and
high-frequency noise. The resting-state time-series for
each voxel was transformed into the frequency domain
using a Fourier transform. The square root of the power
spectrum was calculated and averaged across 0.01-
0.1 Hz within each voxel to obtain a raw ALFF map.
The global mean ALFF value was calculated from all
voxels across the whole brain. Finally, ALFF values
for each voxel were divided by the global mean ALFF
value for standardization. Group comparisons were made
for both peak ALFF at specific coordinates and mean
ALFF in each brain region.

ReHo analysis was conducted in a similar manner to
ALFF.?® Briefly, after band-pass filtering was performed,
ReHo maps were produced by calculating the concor-
dance of the Kendall coefficient of the resting-state
time-series of a given voxel with its 26 nearest neighbors.
The ReHo value of each voxel was standardized by the
global mean ReHo value, followed by smoothing using
a 3D Gaussian kernel of 6 mm FWHM for further statis-
tical analysis. Just as in ALFF, group comparisons were
made for both peak ReHo at specific coordinates and
mean ReHo in each brain region.

Preprocessing for seed-based static

and dynamic rs-FC analysis

Preprocessing for both static and dynamic rs-FC was per-
formed through the Data Processing and Analysis of
Brain Imaging (DPABI) toolbox (version 6.0; http:/
rfmri.org/dpabi), which includes Data Processing Assis-
tant for Resting-State fMRI advanced edition (DPARSFA
V4.5, http://rfmri.org/DPARSF).?**° First, the Digital
Imaging and Communications in Medicine (DICOM)
files were arranged, and the first five volumes were dis-
carded to allow the magnetization to approach a dynamic
equilibrium, followed by setting up the parameters, such
as repeating time, time-points, slice number, and voxel
size. Preprocessing steps included slice timing and
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realignment, followed by regressing out head motion
parameters with Friston 24-parameter model regres-
sion.! The spatial normalization was applied to each
image based on the Montreal Neurological Institute
(MNI) template (resampling voxel size of 3 X3 X3 mm),
followed by band-pass filtering with a frequency of 0.01—
0.1 Hz to reduce the effects of low-frequency drift and
high-frequency physiological noise. For static rs-FC
analysis, the smoothing step used the spatial Gaussian
filter of 4mm FWHM. For dynamic rs-FC analysis, we
did not perform any smoothing before the group con-
nectivity analysis because performing spatial smoothing
before network construction artificially increases corre-
lations among nearby voxels.>*™>

A priori ROIs for the connectivity analysis were set
to the bilateral dorsolateral prefrontal cortex (DLPFC),
angular gyrus, and posterior cingulate cortex on the
basis of previous research in brain trauma. Specifically,
the DLPFC plays a central role in diverse cognitive func-
tions®® and together with the cingulate cortex regulates
emotions, including sensation and pleasure.>’ The angu-
lar gyrus is a hub of brain networks connecting the visual,
auditory, and somatosensory cortices and is involved in
attention, self-processing, semantic information process-
ing, and mentalizing.*® The effects of brain trauma and
strangulation are often diffusive in nature, affecting var-
ious parts of the brain, especially the hubs of cogni-
tive processing and emotional regulations, such as the
DLPFC, cingulate gyrus, and angular gyrus. Significant
cortical thinning, brain atrophy, and altered functional
connectivity, and the emergence of compulsive behav-
iors, have been observed in patients with various seve-
rities of brain trauma.**™** To account for multiple
comparisons (n=~6: bilateral of 3 ROIs), the level of sta-
tistical significance was corrected to «=0.008. ROIs
were identified using the atlas of Automated Anatomical
Labeling (AAL).

Static rs-FC analysis.  After the preprocessing, the static
rs-FC analysis for each participant was performed using
DPABI V6.0. A Pearson correlation coefficient was
determined between each ROI and the whole brain as a
measure of the strength of regional functional connectiv-
ity at rest. The correlation coefficients were then trans-
formed into Fisher z-scores for statistical analysis.

Dynamic rs-FC analysis. After the preprocessing, the
dynamic rs-FC analysis for each participant was per-
formed using the Temporal Dynamic Analysis (TDA)
toolkit that was included in DPABI V6.0. Sliding window
analysis, which is sensitive to time-dependent varia-
tions,> ™ was applied to examine the seed-based BOLD
signal over the whole brain. In the sliding window analysis,
a temporal window of a certain size and shape was cho-
sen, and functional connectivity within that window was

calculated. In the current study, a moderate-length sliding
Hamming window of 32 TR (64 sec) and a shifting step
size of 1 TR (2sec) were used to maximize statistical
power within the window and across levels of analyses.
The linear de-trending processing was conducted to
remove the linear signal drift. The dynamic rs-FC analy-
sis with each seed region was calculated as the Fisher
z-transformed Pearson correlation coefficient for each
participant, and the smoothing was performed for group
analysis.*® Dynamic rs-FC analysis enhances the validity
of our overall findings, given that the functional networks
of the brain fluctuate during resting-state data acquisition.
This temporal variability in functional connectivity can
be accounted for in the dynamic rs-FC analysis.*’

Statistical analysis

The focus of this work was to characterize between-group
differences in neurophysiological signals, as reflected
in cortical surface functioning (ALFF and ReHo) and
rs-FC (dynamic and static). Demographic differences
between the choking and choking-naive groups were
assessed by r-tests and chi-square tests. The two-sample
t-tests were performed in the DPABISurf toolkit to com-
pare differences in mean and peak ALFF and ReHo. For
ALFF and ReHo, the statistical significance threshold
was set at p <0.05. We used familywise error correction
(clusters with a voxel-level p<0.01 and cluster-level
p <0.05) to obtain a significant group difference. Because
of statistically significant group differences in age, race,
and AUDIT, these demographic factors were controlled
as covariates. Additionally, because depression and anx-
iety have been shown to be associated with repetitive sex-
ual choking, we also included scores on the PHQ-9 and
GAD-7 in the model.

Similarly, the two-sample #-tests were used to com-
pare rs-FC strengths between groups in both static and
dynamic analyses within the DPABI V6.0. Because we
had 6 ROIs for rs-FC analyses, multiple comparisons
were corrected by threshold-free cluster enhancement
(TFCE), and the level of statistical significance was set
at two-tailed p <0.008. Demographic factors (age, race,
AUDIT, PHQ-9, and GAD-7) were included in the model
as covariates, and the number of permutations was set at
1000.

Results

Demographic characteristics

A total of 92 participants were screened for eligibility,
and 57 participants who met the inclusion criteria and
were free of the exclusion criteria were assigned to either
the choking group (n=28) or the choking-naive group
(n=29), respectively. We were unable to obtain MRI
data from 12 participants (choking n=6; choking-naive
n=06) because of claustrophobia or scheduling conflicts,
and 2 participants were retroactively excluded from
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FIG. 1. Study flowchart. TBI, traumatic brain injury.
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each group for either not being free of the exclusion cri-
teria or not meeting all the inclusion criteria upon reex-
amination of their questionnaire responses. As a result,
a total of 41 participants (choking n=20; choking-naive
n=21) contributed to the rs-FC analysis. See Figure 1
for the study flow.

The participants in the choking group had been choked
during sex on average 10, 19, and 46 times in the last 30
days, 60 days, and 12 months, respectively (Table 1).
Additionally, we observed several demographic differ-
ences between groups. The choking-naive group was sig-
nificantly older than the choking group, and the choking
group reported higher scores for the AUDIT question-
naire compared with scores of the choking-naive group.
The choking group included more racially diverse partic-
ipants than did the choking-naive group (Table 1). These
demographic variables were included in the model as
covariates.

Cortical surface functioning assessed by ALFF
and ReHo between groups
Significant group differences in ALFF intensity were
detected in both hemispheres (Fig. 2A,C). For exam-
ple, the choking group showed lower ALFF in the left
inferior orbitofrontal gyrus, left Rolandic operculum,
and right middle cingulum (choking < choking-naive:
Fig. 2B) and higher ALFF in the right olfactory gyrus
(choking > choking-naive: Fig. 2D).

Similar to the ALFF data, in general, the choking
group showed lower ReHo in the left hemisphere but
higher ReHo in the right hemisphere (Fig. 3A,C). Specif-

Table 1. Demographic Characteristics

Variables Choking Choking-naive  P-value
N 20 21
Age, years, mean*SD 21.1£1.9 23.3%3.1 0.009
Race, n (%)* 0.037
White 14 (63) 19 91)
Black/African American 4 (18) 0 (0)
Asian 3 (13) 29
American Indian/ 105 0 (0)
Alaskan Native
Ethnicity, n (%)
Non-Latino/Hispanic 18 (90) 18 (86) 0.999
Latino/Hispanic 2 (10) 3(14)
Choking experiences, n,
meant SD
Last 30 days 10.25+£7.39 0
Last 60 days 19.60+11.86 0
Last 12 months 46.10+£27.78 0
Mental health and alcohol
use scales, mean+ SD
PHQ-9 5.75+4.36 4.14+5.29 0.294
GAD-7 6.25+3.92 4.05+3.72 0.073
AUDIT 5.85+4.44 2.85+2.26 0.012

Several individuals in the choking group indicated that they identified as
more than one race/ethnicity, so the percentages add up to more than 100%.

AUDIT, Alcohol Use Disorders Identification Test; GAD-7, the Gener-
alized Anxiety Disorder Assessment; PHQ-9, Patient Health Questionnaire-
9 depression scale; SD, standard deviation.

ically, the choking group exhibited significantly lower
ReHo in the left angular gyrus, postcentral cingulum,
and Rolandic operculum compared with the choking-
naive group (Fig. 3B). Conversely, significantly higher
ReHo was detected in the right pre-central and post-
central gyri of the choking group compared with the
choking-naive group (Fig. 3D). See Table 2 for peak
ALFF and ReHo intensity and coordinates.

Group differences in static rs-FC

Our analysis revealed a significant group difference in the
functional connectivity between the angular gyrus and
various parts of the brain. Specifically, compared with
the choking-naive group, the choking group showed
hyperconnectivity (higher connectivity): 1) between the
left angular gyrus and bilateral postcentral gyrus, left
Rolandic operculum, and right superior frontal gyrus;
and 2) between the right angular gyrus and the left angu-
lar gyrus, post-central gyrus, and insula, as well as the
right Rolandic operculum, lingual, and superior temporal
gyrus. The visual output is shown in Figure 4A and 4B,
and the detailed results are shown in Table 3. Other
ROIs, including bilateral DLPFC and posterior cingulate
cortex, did not show any statistically significant group
differences in rs-FC.

Group differences in dynamic rs-FC

The results of the static rs-FC analysis were corrobo-
rated by the dynamic rs-FC analysis. Compared with
the choking-naive group, the choking group showed
hyperconnectivity between the left angular gyrus and
the bilateral post-central gyrus (Table 3 and Fig. 4C).
However, no significant group differences in connectivity
between the right angular gyrus and whole brain were
observed.

Discussion

The current study presents a potential interaction between
repetitive sexual choking and neurophysiological alter-
ations. There were two major findings. First, we noted
significant differences in neural activation patterns
between groups, in which the choking group exhibited
significantly lower ALFF and ReHo in the left hemi-
sphere (e.g., Rolandic operculum, angular gyrus) and
higher ALFF and ReHo in the right hemispheres (e.g.,
pre/post-central gyri) compared with the choking-naive
group. Second, relative to the choking-naive group, the
choking group showed hyperconnectivity between the
angular gyrus and widespread brain regions. The dyna-
mic rs-FC analysis further validated the findings from
the static analysis, by demonstrating a significant hyper-
connectivity between the left angular gyrus and the bilat-
eral post-central gyrus in the choking group compared
with the choking-naive group. These data suggest that
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FIG. 2. Regional differences in ALFF between groups. (A) ALFF levels in the left hemisphere showed
group differences in four cortical regions (B) including the posterior cingulum, Rolandic operculum, middle
occipital gyrus, and inferior orbitofrontal gyrus. (C) ALFF levels in the right hemisphere, in which five
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L J

frequent choking/strangulation during sex may associate
with a neuronal activation pattern distinct from that for
women without sexual choking exposure.

To interpret the data, it is important to revisit the
theoretical basis of our fMRI metrics. ALFF and ReHo
gauge neuronal activity within brain regions, whereas
functional connectivity reflects the strengths of the rela-
tionship in neuronal activities between brain regions.'®
ALFF reveals the density of the BOLD signal, whereas
ReHo measures the synchrony of the BOLD signal
between adjacent regions, reflecting the coherence of
regional brain activity.16 Intriguingly, we observed
hemisphere-dependent differences in ALFF and ReHo,
such that the choking group showed lower neuronal activ-
ity ({ ALFF) and coherence (]ReHo) in the left brain
regions relative to those of the choking-naive group. Con-
trarily, in the right brain regions that are important for

motor control and somatosensory reception (pre/post-
central gyri), the choking group showed higher neuronal
activity (1 ALFF) and coherence (1ReHo) compared
with the choking-naive group, possibly as the result of
receiving high volumes of incoming signals.

This type of inter-hemispheric imbalance has been
shown to associate with declines in mental health. For
example, patients with depressive disorder exhibit hemi-
spheric asymmetries, characterized by a hypoactive left
hemisphere and a hyperactive right hemisphere.**** Uni-
lateral brain lesion studies substantiate this notion: pati-
ents with tumors, ischemic injury, or an epileptogenic
zone in the left hemisphere also frequently have dep-
ressed mood, whereas similar lesions in the right hemi-
sphere cause euphoria.so’53 In our study, there was no
significant group difference in depression or anxiety
symptom scores, which may have been because the
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COVID-19 pandemic non-discriminately affected the
mental health of all participants. However, our pre-
pandemic survey data showed that women who had
been choked more than 5 times in their lifetime during
sex were twice as likely to report symptoms related to
depression, anxiety, sadness, and loneliness as were
their choking-naive counterparts.'?

ALFF and ReHo data are useful for explaining the rs-
FC findings. Lower ReHo in the left angular gyrus of the
choking group indicates less coherent or irregular neural
activation. Hence, the angular gyrus requires more than
normal energy to operate. The angular gyrus is a hub of
brain networks because of its location at the junction of
the visual, auditory, and somatosensory cortices. Thus,
the angular gyrus is known to be involved in attention,
self-processing, semantic information processing, emo-
tional regulation, and mentalizing.*® Partly because of

this anatomical uniqueness and extensive association net-
work, the choking group exhibited elevated functional
connectivity between the angular gyrus and brain regions
that are important for sound processing, object recogni-
tion, consciousness and emotion, and somatosensory
and motor control. The dynamic rs-FC analysis also val-
idated the hyperconnective relationship between the left
angular gyrus and post-central gyrus in the choking
group. This rs-FC result is consistent with the ReHo
data showing that the angular gyrus (seed region) is expe-
riencing reduced neural coherence (|ReHo) and thus
sends abnormal/imbalanced signals to target regions, par-
ticularly the post-central gyrus. To sort out a high volume
of input, the post-central gyrus became more coherent,
as reflected in higher ReHo.

Another point to consider is that activation of the angu-
lar gyrus has been shown to be closely related to one’s
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Table 2. Differences of ALFF and ReHo Between Choking
and Choking-Naive Participants

Peak (MNI)
—— Voxel
Cluster Brain regions X 'y z size Peakt
ALFF
Left hemisphere
Cluster 1 Middle occipital -40 -67 36 163 -4.522
gyrus
Cluster 2 Posterior cingulum -9 -46 30 114 -3.206
Cluster 3 Rolandic 550 5 10 122 -2.601
operculum
Cluster 4 Inferior -49 35 -3 123 -3.922
orbitofrontal
gyrus
Right hemisphere
Cluster 1 Post-central gyrus 33 -35 62 299  3.831
Cluster 2 Pre-central gyrus 22 24 57 201 3.410
Cluster 3 Olfactory gyrus 13 14 -14 133  3.881
Cluster 4 Middle cingulum 14 24 33 138 -3452
Cluster 5 Superior occipital 32 -64 41 140 -3.445
gyrus
ReHo
Left hemisphere
Cluster 1 Post-central -9 -44 31 306 -3.122
cingulum
Cluster 2 Rolandic -51 7 3 232 -3412
operculum
Cluster 3 Angular gyrus -40 -68 37 173 -3.890
Right hemisphere
Cluster 1 Post-central gyrus 29 -34 65 356 4.021
Cluster 2 Pre-central gyrus 22 24 57 361 3482
Cluster 3 Pre-central gyrus 49 -6 41 242  4.095

The multiple comparison correction for ALFF was used by the FWE cor-
rection with Monte Carlo simulation p<0.05 and cluster size >107. The
multiple comparison correction for ReHo was used by the FWE correction
with Monte Carlo simulation p <0.05 and cluster size >171.

ALFF, amplitude of low-frequency fluctuation; FEW, family-wise error;
MNI, Montreal Neurological Institute; ReHo, regional homogeneity.

mental state. This is exemplified in patients with pro-
gressive mild cognitive impairment™* and coronary artery
disease” who exhibit significant hyperactivation of the an-
gular gyrus when they are subjected to mentally stressful
tasks (e.g., serial arithmetic subtraction, recall tasks). Fur-
ther, research on strangulation occurring in other contexts,
such as intimate partner violence (IPV), may also aid in the
interpretation of the widespread alterations in connectivity
stemming from the angular gyrus. A recent study by
Valera and colleagues56 evaluated cognitive function and
psychological well-being in women with a history of
IPV-related strangulation compared with women with
IPV but no strangulation. The data indicated that the
women with [PV-related strangulation exhibited signifi-
cantly worse memory function and higher symptoms of
depression and post-traumatic stress disorder than did
their counterparts without strangulation. Smith and associ-
ates” also found that physical, neurological, and psycho-
logical symptoms increase in relation to the frequency of
strangulation history in women who have experienced
IPV. Further exploration is warranted to examine whether
alterations in consciousness or other physical responses
due to sexual choking are predictive of neurophysiological
and psychological alterations. Nonetheless, these data un-
derscore the clinically observable effects of strangulation
and that our ALFF/ReHo and rs-FC data provide the po-
tential neurophysiological underpinning of the effects of
sexual choking/strangulation.

It is important to mention that angular gyrus syndrome
is a constellation of neuropsychological deficits includ-
ing agraphia, aphasia, manifestations of depression, poor
memory, and irritability.”®> The most common cause of

Table 3. Static and Dynamic rs-FC Differences Between Choking and Choking-Naive Participants

Peak (MNI)

Analysis method ROI seeds Cluster location BA X y z Cluster size t
Static rs-FC Left angular gyrus Left Rolandic operculum 48 -48 -6 9 125 4.962
Left postcentral gyrus 3 -51 -18 39 315 5.386
Left postcentral gyrus 40 -33 -36 48 48 4.976
Left precentral gyrus 6 -33 -9 51 32 3.984
Right superior frontal gyrus 6 21 -12 63 12 5.197
Right postcentral gyrus 4 48 -12 39 321 5.111
Right postcentral gyrus 2 24 -39 66 58 4.536
Right angular gyrus Left angular gyrus 39 -39 -51 21 45 4.107
Left postcentral gyrus 40 -33 -36 51 248 4.097
Left insula 48 -48 6 6 221 4.469
Left middle temporal gyrus 21 -51 -33 -6 52 3.739
Left fusiform gyrus 37 -60 -63 -3 20 3.698
Right superior temporal gyrus 41 42 -33 12 21 4.015
Right superior temporal gyrus 42 54 -30 18 31 3.558
Right Rolandic operculum 48 48 -27 30 248 4.328
Right precuneus 5 12 -54 66 109 3.835
Right lingual gyrus 19 21 -57 -6 2096 4.463
Dynamic rs-FC Left angular gyrus Left postcentral gyrus 4 -60 -21 39 95 5.471
Right postcentral gyrus 3 36 -36 57 363 4.852
Right postcentral gyrus 1 30 -42 69 11 3.637

The multiple comparison correction was used with the threshold-free cluster enhancement (TFCE), which was tested at two-tailed p <.05; the number of per-
mutations was set at 1,000. BA, Brodmann area; MNI, Montreal Neurological Institute; ROIL, region of interest; rs-FC, resting-state functional connectivity.
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A Left Angular Gyrus

Static rs-FC Aalysis

C Left Angular Gyrus

Dynamic rs-FC Aalysis

FIG. 4. The static rs-FC analysis revealed an increased functional connectivity in the choking group
compared with the choking-naive group between the bilateral angular gyrus (A,B) and various parts of the
brain, such as the post-central gyrus and lingual gyrus. The dynamic rs-FC analysis also identified increased
connectivity between the left angular gyrus and the post-central gyrus in the choking group compared
with the choking-naive group (C). Multiple comparisons were corrected by threshold-free cluster
enhancement (TFCE), and the level of statistical significance was set at two-tailed p <0.008. The number of
permutations was set at 1000. A, anterior; L, left; P, posterior; R, right; rs-FC, resting-state functional
connectivity; TFCE, threshold-free cluster enhancement.

angular gyrus syndrome is cerebrovascular disease, espe-
cially occlusion of the angular branch of the middle cere-
bral artery.”® Although the duration of being choked
during sex varied between participants and such data are
difficult to validate, it is plausible that the angular gyrus
may have a reduced resiliency to ischemic/reperfusion
stress as the result of frequent exposure to strangulation.
Further exploration is warranted to examine whether alter-
ations in consciousness or other physical responses due to
sexual choking/strangulation are predictive of neurophys-
iological and psychological alterations.

Despite research in brain trauma indicating that the
DLPFC and cingulate cortex are impacted by head inju-
ry,>*1%° our data showed no significant group differ-
ences in any of the fMRI metrics in either of the
regions. The reason for this observation is difficult to
articulate with our data derived from a cross-sectional
design. One possibility may be that the mechanism of
strangulation during sex is vastly different from blunt
trauma, such as TBI, the effects of which are dispersed
in diffusive areas of the brain. That may be why the
angular gyrus, which is a hub of the brain network and
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the structural intersection between several cortical regi-
ons, showed group differences in neurophysiological out-
puts. Additionally, many other factors may play a role in
exacerbating the effects of sexual choking/strangulation,
such as the intensity and duration of strangulation, the
method of strangulation (e.g., one or both hands, limb,
ligature), the presence of IPV in a relationship, whether
consent was given prior to being strangled during
sex, and the time intervals between each strangulation
event. A longitudinal investigation using multi-modal
assessments is needed to delineate whether this hyper-
connectivity in the angular network is negligible or path-
ological and to what extent it is related to elevated mental
illness symptoms in young adult women with frequ-
ent exposure to sexual choking/strangulation."? Future
study is also warranted to test what aspects of motor con-
trol are excited or inhibited in these women using, for
example, transcranial magnetic stimulation.

Limitations
There are several limitations to this study. Despite our
best efforts to conduct a demographically matched case-
control recruitment, the groups differed in age. We were
unable to recruit age-matched control participants, due
in part to the COVID-19 pandemic, which presented sig-
nificant difficulty in recruiting enough participants to
match ages between groups. Instead, we focused on
ensuring that the control group consisted of individuals
with no lifetime sexual strangulation experience, and
we controlled our analyses for age, race, and AUDIT
scores. Self-reported choking/strangulation behaviors
vary in frequency, intensity, and duration, which are sub-
ject to recall bias in survey responses. Given the infancy
stage of this research topic, our inclusion criterion of 4 or
more choking/strangulation experiences in the past 30
days was established non-empirically. Instead, our crite-
rion reflects weekly exposure in the past 30 days. Never-
theless, only 1 of 20 participants in the choking group
experienced being choked/strangled 4 times; the rest
experienced greater frequency. A study with a larger
sample size is needed to explore the potential dose-
dependent effects of sexual choking/strangulation.
Further, given the nature of our non-interventional
design, the time since the last strangulation event was
not controlled; therefore, the potential that acute stran-
gulation effects might have contaminated the observed
results cannot be eliminated. Lastly, comprehensive
neuropsychiatric and behavioral evaluations, including
measures of yearning and loneliness, should be incorpo-
rated into future studies to assess the clinical implica-
tions of the neurophysiological impact of sexual choking/
strangulation. To study both acute and chronic effects of
strangulation during sex, a longitudinal study is needed
to closely monitor the incidence of strangulation events,
followed by prompt assessments.

Conclusions

Our data suggest that repetitive sexual choking/
strangulation may be associated with neurophysiological
alterations. Our unbiased, rigorous analysis approach
revealed that women who were frequently choked during
sex exhibited inter-hemispheric imbalance in neural activ-
ity and hyperconnectivity between the angular gyrus and
various brain regions related to motor control, conscious-
ness, emotion, and somatosensory function. A longitudinal
investigation using multi-modal assessments is needed to
clarify the acute and chronic neurological consequences
of strangulation during sex.

Transparency, Rigor,

and Reproducibility Statement

This cross-sectional study included college-aged
women with frequent (4+) sexual choking in the past
month and choking-naive control women. A sample
size of 20 per group was planned to yield 80% power
to detect a statistically significant group effect in ALF-
F/ReHo with a p-value <0.05. Ninety-two potential
participants were screened, imaging data were
obtained from 55, and imaging data were successfully
analyzed in 41. Participants were blinded regarding
any study information, including the final outcome,
and will be referred to the publication of the article
when it becomes available. Imaging acquisition and
analyses were performed by team members blinded
to relevant characteristics of the participants and
group assignment. All equipment and software used to
perform imaging and preprocessing are widely available
from commercial sources. De-identified data from this
study and analytic code are available upon reasonable re-
quest to the corresponding author (KK).
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