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Abstract
Social Anxiety Disorder (SAD) is a prevalent and debilitating condition characterized by
heightened anxiety and avoidance behaviors in social situations. Despite the availability
of treatment options, remission rates for SAD remain low, highlighting the need for more
effective interventions. To support the development of more effective therapies, a bet-
ter understanding of the psychophysiological mechanisms underlying SAD is needed.
This pilot study investigates whether anticipatory anxiety before a social interaction can
be detected by multiple biosignals, with the aim of identifying potential biomarkers for
SAD. Using a modified version of the Internet-based Stress Test for Social Anxiety Dis-
order, we measured physiological responses of 17 healthy volunteers, including heart
rate, respiratory rate, electrodermal activity, head movements, and electroencephalogra-
phy power across various frequencies. We found that anticipatory anxiety was associated
with increased heart rate, respiratory rate, tonic EDA, and variance in head roll, alongside
elevated theta, beta, and gamma power in EEG. Our results suggest that a combination
of these biosignals may provide valuable insight into the psychophysiology of social anxi-
ety, which could be useful for both mechanistic research and clinical applications. Future
research should explore the role of these signals in clinical populations and during acute
threat conditions to refine diagnostic and prognostic tools for SAD.

Introduction
Social anxiety disorder (SAD) is a chronic mental health condition defined by severe and
enduring avoidance of performance or social situations, due to anxiety about perceived
scrutiny by others. SAD is one of the most common anxiety disorders, with a lifetime preva-
lence of approximately 6-13% [1,2]. The peak onset is in adolescence/early adulthood [3–5],
and it is highly comorbid with other mental disorders, substance misuse, and physical ill-
nesses, leading to considerable societal costs. In 2010, anxiety disorders cost the UK an esti-
mated £11 billion [6]. To our knowledge, this was the most recent formal estimate, but it is
likely that current costs are even higher. Quantifying these economic burdens highlights the
significant impact of anxiety disorders on public health systems and underscores the urgency
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of improving prevention and treatment strategies. Current first-line treatments include cog-
nitive behavioural therapy (CBT) and pharmacological treatments such as selective serotonin
reuptake inhibitors [7]. However, almost half of patients with SAD do not achieve remis-
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sion after four years, the lowest remission rate of all the anxiety disorders [8–10], indicat-
ing a need for more effective treatments. Despite this clear need, no new medications have
been approved for any anxiety disorders since 2014 [11]. To develop new treatments, a deeper
understanding of the mechanisms underlying anxiety and avoidance in SAD is essential.
Higher level Biomedical measures may help identify new therapeutic targets and guide the
development of more effective interventions.

Patients with SAD often focus their attention internally during a social interaction, overly
scrutinising their physiological responses (e.g. increased heart rate (HR), breathing rate, flush-
ing, muscle tension [12,13]). This information is used to build a negative visual image of
the self that increases pre-interaction fears of negative evaluation and can trigger avoidance
behaviours. Recently researchers have suggested that the interaction between interoception
and physiological reactivity could provide a therapeutic target for development of new treat-
ments [14]. Given these findings, physiological reactivity and interoceptive awareness might
interact to maintain anxiety. For example, a patient with SAD might perceive their heart-
beat as audible to others and believe they are being judged for this, resulting in avoidance
behaviour. However, before this interaction between interoception and physiological reactiv-
ity can be targeted for treatment development, more understanding regarding how patients’
physiology reacts to social anxiety is needed.

Converging evidence shows that SAD is associated with autonomic system dysfunction.
This has been measured via reduced heart rate variability (HRV) [15,16] and blunted pupil
dilation to faces [17,18]. But, these responses are non-specific to SAD and are also seen in
generalised anxiety disorder, panic disorder, and post-traumatic stress disorder [19]. Simi-
larly, previous research has shown that electrodermal activity (EDA), also called galvanic skin
response (GSR), is associated with stress [20,21], but to our knowledge there are no results
specific to social anxiety. Finally, increased theta power on electroencephalography (EEG)
might be associated with social exclusion [22], however, other studies show that lower theta
power is associated with social evaluation [23]. Instead, the profile of features taken together
across modalities is likely to be more specific than a single modality that overgeneralises. Sup-
porting this, anxiety during a driving hazard perception test is detected with higher accuracy
when combining EEG, EDA and pupil size compared with single modalities [24]. There is
growing interest in combining multiple biosignals to accurately measure cognitive and emo-
tional states [25], but this has not been done in SAD. We carried out a pilot study to explore
whether:

1. It was possible to detect anxiety in anticipation of a social interaction (even at a low
level) by combining multiple biosignals and

2. If so, which of those signals are altered by anticipatory anxiety and therefore should be
the focus for future studies in this field.

Here, we present preliminary results in which we have identified multiple physiological
features that differentiate between low and high anxiety in the context of an impending social
threat. In providing this preliminary information, it is our goal to help the field focus efforts
on the biosignals that are likely to have the most value for mechanistic research and/or clinical
utility for patients with SAD.
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Materials and methods
Participants were recruited from staff and students at the University of Southampton and pro-
vided written informed consent in accordance with the University of Southampton’s ethical
guidelines and the Declaration of Helsinki. Ethical approval was granted by the University’s
ethics committee in December 2023 (ERGO Application ID: 89571). Recruitment took place
between 1.4.2024 and 1.7.2024. All participants were healthy individuals; those with a previ-
ous diagnosis of anxiety disorder were excluded. Each experimental session lasted roughly 90
minutes including preparation time. Eighteen participants (14 Male, Mean Age 34.8 STD 9.9)
enrolled in this study and each received 20 GBP in compensation.

Experimental procedure
Participants were sat comfortably while connected to 27-electrode EEG, 2-electrode electro-
cardiogram (ECG), 2-electrode galvanic skin response (GSR) and 4-electrode electrooculo-
gram (EOG) using BrainProducts’ “actiChamp plus” system. We used a MindMedia’s “Nexus”
respiration sensor with a custom connector to record respiratory rate, Pupil Lab’s “Neon” to
track eye movements, pupil size, head acceleration, angular velocity and orientation, Blue
Microphones’ “Blue Yeti” to record audio and used an ELP webcam model USBFHD01M-
SFV to record video. EEG, ECG, EOG, GSR and respiratory rate were sampled at 500 Hz,
eye movements and pupil size at 200 Hz, head acceleration, angular velocity and orientation
at 110 Hz, audio at 48 kHz, and video at 30 Hz. All signals were synchronized using Lab-
StreamingLayer [26]. We do not describe video and audio further in the present paper since
this analysis focuses on biosignals.

As part of the “ActiChamp” system, “ActiCap” slim wet electrodes were placed at positions
Fp1, F7, Fz, F3, FC5, T7, C3, Cz, TP9, CP1, P7, CP5, P3, O1, FP2, F8, F4, FC6, T8, C4, CP2,
TP10, P8, CP6, P4, Pz and O2 according to the International 10-20 system [27]. Two EOG
electrodes were placed above (FP2) and below the right eye to capture the vertical eye move-
ment signal as well as two near the canthus of each eye for the horizontal signal. Two elec-
trodes were placed at the insides of the elbow to get the ECG signal. Two GSR electrodes were
placed on index and middle finger of the participants’ non-dominant hand to get the GSR sig-
nal. All of the signals recorded by the actiChamp plus system underwent on-device analog
high-pass filtering at 0.016 Hz. Good signal quality was ensured for each participant by visual
inspection for all signals.

Experimental task
The whole protocol is described in the supplementary materials section, however, for this
paper only the final part was relevant to anxiety and is described further below.

Participants conducted an adapted version of the InterneT-based Stress Test for Social
Anxiety Disorder (ITSSAD) by Huneke et al. [28]. Participants were told they would have
five minutes to prepare for an online social interaction in which they would have to intro-
duce themselves to a group of researchers. Simply informing participants about the upcom-
ing interview has been shown to increase anxiety, so we did not conduct the full protocol
for this pilot. For the exploratory purposes of this paper, we aimed to minimize any interfer-
ence from artifacts potentially generated during the interview stage through conversation and
facial expressions, as many biomedical measurements, especially EEG, are sensitive to such
artifacts. After the five minutes had passed, participants were debriefed and informed that the
task was designed to induce elevated levels of social anxiety without the actual interview. Then
the experiment was finished.
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During this task, anxiety was measured right before and right after the task through a
modified version of the generalized anxiety disorder 7-item questionnaire (GAD 7, [29]),
where each question was represented by a visual analogue scale as it can be seen in Fig 1.
We have previously demonstrated that this modification allows measurement of changes in
state anxiety with high sensitivity [28,30]. The first GAD7 was introduced before introducing
participants to the anxiety task.

One participant was excluded from the subsequent analysis due to inconsistencies in their
responses on the GAD-7, which raised concerns about the validity of their data. On review of
the video footage, we found that this participant was not paying attention to the instructions
on the screen, therefore the data was deemed unreliable for inclusion. Participants were then
divided into two groups based on their responses to the GAD-7 questionnaire before and after
the anxiety condition via a median split. This resulted in 8 participants in the non-anxious
group and 9 in the anxious group.

Data pre-processing and feature extraction
A large number of signals were recorded; therefore, the pre-processing and feature extrac-
tion section focuses on measures that either showed statistical significance for the anxiety
condition or that were associated with increased anxiety in literature. All filters utilized in
subsequent processing were zero-phase filters.

Pre-processing.

• Heart Rate & HRV:The HR signal was obtained by subtracting the ECG electrodes from
one another and applying a band-pass filter between 2 and 30 Hz.

• Tonic GSR: The GSR signal was processed using a low-pass filter with a cutoff frequency of
0.05 Hz.

Fig 1. The modified version of the generalized anxiety disorder 7-item questionnaire that was used during the study.

https://doi.org/10.1371/journal.pone.0330603.g001
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• Phasic GSR: The GSR signal was processed using a high-pass filter with a cutoff frequency
of 0.05 Hz.

• Pupil Size: The pupil size signal was filtered using a low-pass filter at 50 Hz.
• Respiratory Signal: A band-pass filter was applied to the respiratory signal with a frequency
range of 0.1 to 0.5 Hz.

• Head Roll: The rolling motion of the head, recorded using the gyroscope, was low-pass
filtered at 50 Hz.

• EEG: EEG channels were referenced to the average of electrodes located at TP9 and TP10,
resulting in a total of 25 channels. EOG signals were utilized only for artifact removal. Ver-
tical and horizontal EOG channels were derived by subtracting the two vertical EOG elec-
trodes and the two horizontal EOG electrodes, respectively. Recorded signals were filtered
between 0.5 and 50 Hz, with an additional 50 Hz notch filter applied to suppress power-line
artifacts. Eye movement artifacts were suppressed in the resulting signals by creating a lin-
ear regression model to predict vertical and horizontal EOG from each EEG channel [31].
These predictions were then subtracted from the corresponding channels. The removal of
EOG signals in EEG was applied to isolate and examine brain activity relevant to the task.
Finally, a common average reference filter [32] was applied to EEG.

Since electrophysiological and gyroscope signals were recorded using different devices,
precise synchronization had to be ensured. Instead of relying on the native timestamps from
each device, we used the timestamps provided by LSL and resampled each of the signals to
100 Hz. The data were then segmented into epochs. Each epoch had a duration of 30 seconds,
updated every 5 seconds, resulting in a total of 55 epochs.

Feature extraction.

• Heart Rate: HR was extracted using a peak detection algorithm applied to the normalized
negative derivative of each epoch.

• HRV: HRV was extracted by calculating the standard deviation of all HR peak-to-peak
intervals and dividing it by the root mean square of the peak-to-peak intervals.

• Tonic & Phasic GSR: The average tonic + phasic GSR was computed for each epoch.
• Pupil Size: The trace of the pupil size is corrected that the first epoch starts at zero. This was
done to ensure that the distance between participant and experimenter for each condition
was not influencing the outcome of the analysis. Each epoch was then featured by its mean.

• Respiratory Rate: A peak detection algorithm was used to extract the respiratory rate from
the normalized respiratory signal.

• Head Roll: The roll signal was featured by its variance. Additionally, the power spectral
density (PSD) was computed using Welch’s method with 1 Hz frequency bins.

• EEG: The PSD for EEG data was also computed using Welch’s method for each EEG elec-
trode with 1 Hz frequency bins.

Statistical analysis. Participants were divided into “anxious” and “non-anxious” groups
using a median split based on the change in self-reported anxiety from the pre- to post-
anticipation phase. Individuals with change scores above the median were categorized as anx-
ious, and those below as non-anxious. This method was chosen to create two approximately
equal groups for balanced exploratory analysis in this pilot study.

We analyzed each biosignal modality separately. The figures in the results section that
display the biosignals follow a consistent format. The left panel shows the time course of the
relevant physiological measure from 30 to 300 seconds. Yellow shaded areas indicate time
intervals where statistically significant differences between the two groups were identified
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using a Wilcoxon rank-sum test. Due to the limited sample size in this pilot study, no correc-
tion for multiple comparisons was applied to the time series data. These results are intended
to indicate where differences may occur and should be interpreted as exploratory, serving to
identify potential time windows of interest for future, larger-scale studies. The right panel of
each figure presents a boxplot summarizing the average of the analyzed measure across the
full time window. It also includes the p-value for the difference between the groups over this
interval, calculated using the same Wilcoxon rank-sum test. For the PSD analysis, significant
frequency band differences were found for head roll and EEG data. P-values were displayed
uncorrected and corrected using the Benjamini-Hochberg procedure.

Results
The boxplots in Fig 2 show the differences in GAD-7 scores, averaged across all questions, for
anxious and non-anxious participants from after to before the anxiety condition. Participants
whose score differences were below the median were classified as non-anxious, while those
above the median were classified as anxious. Table 1 summarizes the descriptive and inferen-
tial statistics for each measure and differences between groups. We further explore the results
for each measure in turn below.

Fig 3 shows the heart rate during the anxiety task. On average, participants in the anxious
group have a heart rate that is significantly higher than those in the non-anxious group. At

Fig 2. The differences of the GAD7 questionnaire between after and before the anxiety condition.This shows the
median split for all participants into the non-anxious group and the anxious group.

https://doi.org/10.1371/journal.pone.0330603.g002
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Table 1. Statistical information mean, median, standard deviation, 95% confidence interval for each measure for the anxious and non-anxious groups
and the rank sum statistics, p-value and cohens’d for the rank sum test between both groups.

Mean
anx

Mean
non-anx

Median
anx

Median
non-anx

STD anx STD
non-anx

95% CI [lower,
upper] anx

95% CI
[lower, upper]
non-anx

Rank
sum
statistics

P-Value Cohen’s
D

HR [bpm] 79.445 66.75 77.706 66.554 13.424 7.184 60.407 99.29 56.587 76.678 105 0.015661 1.1639
HRV [ms] 0.603 0.556 0.527 0.53 0.328 0.214 0.252 1.282 0.269 0.915 85 0.67463 0.28881
Tonic GSR [µS] 8.099 4.84 7.53 4.77 3.89 2.035 3.552 15.106 1.614 7.819 99 0.044392 1.0038
Phasic GSR [µS] 0 0 –0.001 0 0.019 0.012 –0.03 0.034 –0.019 0.019 86 0.39594 0.37244
Pupil size left [mm] –0.134 –0.245 –0.169 –0.238 0.26 0.265 –0.486 0.279 –0.708 0.154 87 0.41968 0.50637
Pupil size right [mm] –0.123 –0.199 –0.145 –0.213 0.234 0.226 –0.45 0.249 –0.534 0.16 88 0.56197 0.42065
Respiratory Rate
[brpm]

17.879 15.37 17.816 15.902 3.229 2.622 12.64 23.273 10.392 18.767 105 0.021599 1.0127

Head Roll Variance
[dps]

8.261 2.104 3.39 0.721 11.954 3.278 0.34 35.031 0.099 9.584 104 0.040362 1.0291

https://doi.org/10.1371/journal.pone.0330603.t001

Fig 3. Left side: Average Trace and standard deviation of heart rate during the anxiety condition. Right side: Box plot for heart rate
averaged over the whole task for the anxious and non-anxious group with a p-value for a Wilcoxon rank-sum test.

https://doi.org/10.1371/journal.pone.0330603.g003

the start of the task, both groups exhibit an initial decline, a common effect in scientific stud-
ies where participants experience increased tension at the beginning of a new task potentially
attributed to the orienting response [33], which is thought to occur when participants expe-
rience a change in their environment. While the non-anxious group stabilizes at a consistent
level, the anxious group’s heart rate gradually rises again, eventually returning to its initial
value. The standard deviation is also larger in the anxious group, indicating greater variability.
Statistically significant differences are present throughout the task, with the most pronounced
effect occurring toward the end as the heart rate of the anxious group increases.

Fig 4 shows the heart rate variability during the anxiety task. Both groups show nearly
identical traces and averages over the task, leading to no significant differences. At the begin-
ning of the task we see a decline similar to heart rate.

Fig 5 shows the pupil size of both groups during the anxiety task. The pupil size of the anx-
ious group is generally bigger compared to the non-anxious group but the difference is not
large enough to lead to significant differences. While the pupil size declines for both groups
over the course of the task, it increases for the last 30 seconds for the anxious group.
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Fig 4. Left side: Average Trace and standard deviation of heart rate variability during the anxiety condition. Right side: Box plot for
heart rate variability averaged over the whole task for the anxious and non-anxious group with a p-value for a Wilcoxon rank-sum test.

https://doi.org/10.1371/journal.pone.0330603.g004

Fig 5. Left side: Average Trace and standard deviation of the averaged pupil size for the left and right eye during the anxiety condi-
tion. Right side: Box plot for pupil size averaged over the whole task for the anxious and non-anxious group with a p-value for a Wilcoxon
rank-sum test.

https://doi.org/10.1371/journal.pone.0330603.g005
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In Fig 6, the respiratory rate during the anxiety condition is depicted. The anxious group
exhibits a significantly higher average respiratory rate, exceeding that of the non-anxious
group by 2 brpm. Over time, a divergence emerges: the respiratory rate in the anxious group
increases slightly, whereas a slight decrease is observed in the non-anxious group. Unlike
heart rate, the variability in both groups remains similar. Statistically significant differences
begin to appear after the first 90 seconds.

Fig 7 illustrates the tonic GSR during the anxiety condition, measured in microSiemens
(µS). The anxious group shows an average tonic GSR that is significantly higher 3 µS than that
of the non-anxious group. Initially, both groups exhibit a drop, similar to what is observed in
heart rate. However, while the non-anxious group continues this downward trend, the anx-
ious group gradually reverses it over the course of the task. The standard deviation is greater
in the anxious group, again mirroring the pattern seen in heart rate. In this case, statistically
significant differences are limited to the first 90 seconds.

Fig 6. Left side: Average Trace and standard deviation of respiratory rate during the anxiety condition. Right side: Box plot for
respiratory rate averaged over the whole task for the anxious and non-anxious group with a p-value for a Wilcoxon rank-sum test.

https://doi.org/10.1371/journal.pone.0330603.g006

Fig 7. Left side: Average Trace and standard deviation of tonic GSR during the anxiety condition. Right side: Box plot for tonic GSR
averaged over the whole task for the anxious and non-anxious group with a p-value for a Wilcoxon rank-sum test.

https://doi.org/10.1371/journal.pone.0330603.g007
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Fig 8 illustrates the phasic GSR during the anxiety condition. Both groups show similar
averages of phasic GSR leading to no statistical significance. The anxious group exhibits a
large standard deviation compared to the non-anxious group. Standard deviation increases
are largest at the beginning and end of the task.

Figs 9 and 10 present the variance and PSD of head rolling motion. The roll variance, mea-
sured in degree per second (dps), is generally higher in the anxious group throughout the task
similar to heart rate and respiratory rate. Additionally, the standard deviation is greater for
anxious participants, with statistically significant differences observed across the task, par-
ticularly toward the end. The PSD plot shows uncorrected p-values on the left, corrected p-
values in the middle, and significant corrected p-values on the right. Overall, the PSD of head
roll motion shows significant differences between the anxious and non-anxious groups in the
5 Hz to 50 Hz range. The Benjamini-Hochberg correction has only a minor effect, with the
corrected results closely matching the uncorrected ones.

Fig 8. Left side: Average Trace and standard deviation of phasic GSR during the anxiety condition. Right side: Box plot for phasic GSR
averaged over the whole task for the anxious and non-anxious group with a p-value for a Wilcoxon rank-sum test.

https://doi.org/10.1371/journal.pone.0330603.g008

Fig 9. Left side: Average Trace and standard deviation of Roll Variance during the anxiety condition. Right side: Box plot for Roll
Variance averaged over the whole task for the anxious and non-anxious group with a p-value for a Wilcoxon rank-sum test.

https://doi.org/10.1371/journal.pone.0330603.g009
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Fig 10. Left side: Uncorrected P-Values for head roll PSD differences between anxious and non-anxious participants
for each frequency band.Middle: Corrected P-Values for head roll PSD differences between anxious and non-anxious
participants for each frequency band. Right side: Binary plot that shows the significance for head roll PSD differences for
the anxiety condition.

https://doi.org/10.1371/journal.pone.0330603.g010

Fig 11 presents EEG PSD values in three panels: the left panel shows PSD differences,
the middle displays corrected p-values, and the right shows uncorrected p-values. In the
left panel, PSDs are averaged over the entire task duration and across frequency bands, with
medians computed across participants. This method reduces the impact of individual variabil-
ity and improves overall readability. The middle panel applies the Benjamini-Hochberg cor-
rection and shows no statistically significant differences. The right panel presents uncorrected
p-values and is included to highlight potential differences that may warrant further investiga-
tion. Notable uncorrected differences appear in the theta, beta, and gamma bands. Theta band
differences are primarily located in central and left temporal regions, while beta and gamma
differences are observed in frontal, temporal, and parietal areas.

Discussion
We conducted a pilot study to test whether we could detect anticipatory social anxiety
through a combination of multiple biosignals. We found that in participants whose anxiety
increased during the anticipation period, anxiety was associated with increased heart rate,
respiratory rate, tonic GSR, increased variance in head roll, and increases in theta, beta, and
gamma power of EEG.

It is noteworthy that we observed a higher absolute heart rate in anxious participants,
but no difference in HRV.This finding contrasts with a large body of research linking
reduced HRV with increased anxiety [15,16]. However, our participants in this study were all
healthy volunteers, and individuals with anxiety disorders were excluded from the study. It
is likely that differences in HRV are easier to detect for those with a clinical anxiety disorder.
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Fig 11. Left side: Differences in EEG PSD between anxious and non-anxious participants for each EEG frequency band.
Middle: Corrected P-Values for EEG PSD differences for the anxiety condition for each EEG frequency band. Right side:
Uncorrected P-Values for EEG PSD differences for the anxiety condition for each EEG frequency band.

https://doi.org/10.1371/journal.pone.0330603.g011

Moreover, while decreased HRV is well-established in anxiety disorders, this relationship
is less clear for SAD compared to other types of anxiety disorders. A study by Pittig et al.
[16], for example, showed that the reduction in heart rate variability (HRV) in individuals
with social anxiety disorder (SAD) was weaker compared to other anxiety disorders. Nev-
ertheless, our findings highlight that heart rate should be considered an important factor in
psychophysiological profiling of anxiety.

We also found a notable elevated respiratory rate in anxious participants which increased
even further the more time progressed. This agrees with similar studies [16,34], where even
in baseline conditions participants with SAD had a higher respiratory rate than the control
group and where a triggering stimulus increases the rate even further.

The tonic and phasic GSR signals have been shown to be good indicators for stress [21]. It
would follow that increased arousal (stress) and subjective anxiety are likely to be associated.
From our dataset we could confirm differences for the tonic signal component but not for the
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phasic. This is perhaps not surprising as there were no startle events during this task to elicit
a phasic response [35]. To our knowledge, there is no published paper directly showing an
association between social anxiety and tonic or phasic GSR signals, although stress tests used
in the literature often include a social element (e.g. Trier Social Stress Test) [21]. It would be
interesting to investigate in further work whether differences in phasic GSR are detectable in
those with social anxiety disorder during a naturalistic social interaction.

We found that EEG, specifically PSD features in the theta, beta and gamma power were
increased in anxious participants. The significant electrode locations in the beta and gamma
bands, found at the front, sides, and back of the scalp, suggest that these features are likely
related to movement or muscle tension. Especially above 20 Hz, electromyography activity
tends to dominate over EEG [36]. Regarding the increased theta activity, our findings align
with previous studies [23], although other research has reported decreased theta power in
response to anxiety [37]. The brain can show highly individual responses to stimuli such
as workload [38], and the brain’s response to increased anxiety is not yet clear. Notably,
increased theta power has been observed following unexpected rejection feedback and dur-
ing social exclusion [22,39], suggesting that theta band activity may play a role in processing
social threats. Future research should investigate the specific role of the theta band activity in
social threat evaluation.

We did not find a significant difference between groups in pupil size. This is interesting as
increased pupil size is associated with noradrenaline release and thus an acute threat response
[40]. Similarly with HRV, perhaps we would have seen significantly larger pupil sizes in those
with clinical anxiety disorder. Alternatively, perhaps this anticipatory anxiety paradigm does
not induce the level of acute threat needed to induce a change in pupil size.

We also examined signals that are not typically studied in anxiety research. The 9-DOF
IMU and gyroscope embedded in the eye tracker detected a significant difference in one spe-
cific type of movement: the rolling motion of the head. The power of this movement across
multiple frequency bands above 5 Hz, as well as its variance, showed notable differences in
participants with higher anxiety levels, which were attributed to distinct movements or mus-
cle tension. While some studies have analyzed head movements during anxiety-inducing tasks
[41,42], their findings have been inconclusive, partly because head movements are also influ-
enced by stimuli. Since our study focused on anticipatory anxiety without external stimuli,
our results may more accurately reflect head movement responses. These results show that
recording a range of signals could uncover new links between physiological responses and
anxiety.

We believe our approach of combining multiple biomedical measures to be highly novel.
However, while significant differences were found in several biosignal measures between
groups of participants in this pilot, individual responses often vary, particularly in EEG data.
Further work should explore inter-individual differences in biosignal responses as well as
group-level findings. Such analyses were limited in the present pilot by our sample size. A
larger study could employ cluster or factor analysis to identify subgroups within the partici-
pants and correlate them with specific symptoms for more specific phenotyping.

There are some potential limitations of our pilot study. First, the anxiety condition was
anticipatory in nature, and perhaps we would have seen changes to the physiological profile
during an acute threat condition, such as an actual social interaction. Due to this being a pilot
study, we only tested a small number of participants. Nevertheless, we saw significant differ-
ences within this small sample, highlighting the potential size of the effects on biosignal mea-
sures. However, as this was a pilot study assessing feasibility of our approach, we were unable
as yet to conduct analyses on combinations or profiles of signals, which is our ultimate aim.
Therefore, our results should be interpreted accordingly. Finally, all participants were healthy
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volunteers. It is presently unknown whether we would find the same profile in those diag-
nosed with social anxiety disorder. If the profile differs in patients, then these variables could
potentially be used diagnostically and/or for prognostication.

Conclusions
New, more effective therapies are needed for SAD. In this pilot study we showed that antici-
patory social anxiety can trigger changes in a range of biomedical signals namely, respiratory
rate, heart rate, tonic GSR, head roll, and central EEG theta activity. We suggest that these sig-
nals should be included in montages when studying anxiety and exploring potential options
for treatment development. Future research should identify if additional signals not tested
here, such as electromyography, should also be included. Furthermore, future work should
assess whether the profile changes during acute threat (fear/startle) and whether patients with
clinical social anxiety disorder exhibit a differing profile.

Supporting information
S1 File. Complete experimental protocol.
(PDF)

Author contributions
Conceptualization: Christoph Tremmel, Nathan T. M. Huneke, M. C. Schraefel.

Data curation: Christoph Tremmel.

Formal analysis: Christoph Tremmel.

Funding acquisition: Christoph Tremmel, Nathan T. M. Huneke, M. C. Schraefel.

Investigation: Christoph Tremmel, Daniel Hobson.

Methodology: Christoph Tremmel, Nathan T. M. Huneke, M. C. Schraefel.

Project administration: Christoph Tremmel.

Resources: Christoph Tremmel.

Software: Christoph Tremmel.

Supervision: Christoph Tremmel, M. C. Schraefel.

Validation: Christoph Tremmel.

Visualization: Christoph Tremmel.

Writing – original draft: Christoph Tremmel, Nathan T. M. Huneke, M. C. Schraefel.

Writing – review & editing: Christoph Tremmel, Nathan T. M. Huneke, Daniel Hobson, M.
C. Schraefel.

References
1. Kessler RC, Chiu WT, Demler O, Merikangas KR, Walters EE. Prevalence, severity, and

comorbidity of 12-month DSM-IV disorders in the National Comorbidity Survey Replication. Arch
Gen Psychiatry. 2005;62(6):617–27. https://doi.org/10.1001/archpsyc.62.6.617 PMID: 15939839

2. Fehm L, Pelissolo A, Furmark T, Wittchen H-U. Size and burden of social phobia in Europe. Eur
Neuropsychopharmacol. 2005;15(4):453–62. https://doi.org/10.1016/j.euroneuro.2005.04.002
PMID: 15921898

PLOS One https://doi.org/10.1371/journal.pone.0330603 September 4, 2025 14/ 16

https://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0330603.s001
https://doi.org/10.1001/archpsyc.62.6.617
http://www.ncbi.nlm.nih.gov/pubmed/15939839
https://doi.org/10.1016/j.euroneuro.2005.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15921898
https://doi.org/10.1371/journal.pone.0330603


ID: pone.0330603 — 2025/9/1 — page 15 — #15

PLOS One Detection of social anxiety using multiple simultaneous biosignals

3. Grant BF, Hasin DS, Blanco C, Stinson FS, Chou SP, Goldstein RB, et al. The epidemiology of
social anxiety disorder in the United States: results from the National Epidemiologic Survey on
Alcohol and Related Conditions. J Clin Psychiatry. 2005;66(11):1351–61.
https://doi.org/10.4088/jcp.v66n1102 PMID: 16420070

4. Stein MB, Fuetsch M, Müller N, Höfler M, Lieb R, Wittchen HU. Social anxiety disorder and the risk
of depression: a prospective community study of adolescents and young adults. Arch Gen
Psychiatry. 2001;58(3):251–6. https://doi.org/10.1001/archpsyc.58.3.251 PMID: 11231832

5. Beesdo K, Bittner A, Pine DS, Stein MB, Höfler M, Lieb R, et al. Incidence of social anxiety disorder
and the consistent risk for secondary depression in the first three decades of life. Arch Gen
Psychiatry. 2007;64(8):903–12. https://doi.org/10.1001/archpsyc.64.8.903 PMID: 17679635

6. Fineberg NA, Haddad PM, Carpenter L, Gannon B, Sharpe R, Young AH, et al. The size, burden
and cost of disorders of the brain in the UK. J Psychopharmacol. 2013;27(9):761–70.
https://doi.org/10.1177/0269881113495118 PMID: 23884863

7. Baldwin D, Huneke N. Treatment of anxiety disorders. 3 ed. 2020.
8. Hendriks SM, Spijker J, Licht CMM, Hardeveld F, de Graaf R, Batelaan NM, et al. Long-term

disability in anxiety disorders. BMC Psychiatry. 2016;16:248.
https://doi.org/10.1186/s12888-016-0946-y PMID: 27431392

9. Vriends N, Bolt OC, Kunz SM. Social anxiety disorder, a lifelong disorder? A review of the
spontaneous remission and its predictors. Acta Psychiatr Scand. 2014;130(2):109–22.
https://doi.org/10.1111/acps.12249 PMID: 24506164

10. Leichsenring F, Leweke F. Social anxiety disorder. N Engl J Med. 2017;376(23):2255–64.
https://doi.org/10.1056/NEJMcp1614701 PMID: 28591542

11. Garakani A, Murrough JW, Freire RC, Thom RP, Larkin K, Buono FD, et al. Pharmacotherapy of
anxiety disorders: current and emerging treatment options. Front Psychiatry. 2020;11:595584.
https://doi.org/10.3389/fpsyt.2020.595584 PMID: 33424664

12. Wong QJJ, Rapee RM. The aetiology and maintenance of social anxiety disorder: a synthesis of
complimentary theoretical models and formulation of a new integrated model. J Affect Disord.
2016;203:84–100. https://doi.org/10.1016/j.jad.2016.05.069 PMID: 27280967

13. Niels Christensen P, Stein MB, Means-Christensen A. Social anxiety and interpersonal perception:
a social relations model analysis. Behav Res Ther. 2003;41(11):1355–71.
https://doi.org/10.1016/s0005-7967(03)00064-0 PMID: 14527533

14. Gerrans P, Murray RJ. Interoceptive active inference and self-representation in social anxiety
disorder (SAD): exploring the neurocognitive traits of the SAD self. Neurosci Conscious.
2020;2020(1):niaa026. https://doi.org/10.1093/nc/niaa026 PMID: 39015778

15. Alvares GA, Quintana DS, Kemp AH, Van Zwieten A, Balleine BW, Hickie IB, et al. Reduced heart
rate variability in social anxiety disorder: associations with gender and symptom severity. PLoS
One. 2013;8(7):e70468. https://doi.org/10.1371/journal.pone.0070468 PMID: 23936207

16. Pittig A, Arch JJ, Lam CWR, Craske MG. Heart rate and heart rate variability in panic, social
anxiety, obsessive-compulsive, and generalized anxiety disorders at baseline and in response to
relaxation and hyperventilation. Int J Psychophysiol. 2013;87(1):19–27.
https://doi.org/10.1016/j.ijpsycho.2012.10.012 PMID: 23107994

17. Keil V, Hepach R, Vierrath S, Caffier D, Tuschen-Caffier B, Klein C, et al. Children with social
anxiety disorder show blunted pupillary reactivity and altered eye contact processing in response to
emotional faces: Insights from pupillometry and eye movements. J Anxiety Disord. 2018;58:61–9.
https://doi.org/10.1016/j.janxdis.2018.07.001 PMID: 30053635

18. Hyde J, Ryan KM, Waters AM. Psychophysiological markers of fear and anxiety. Curr Psychiatry
Rep. 2019;21(7):56. https://doi.org/10.1007/s11920-019-1036-x PMID: 31161250

19. Chalmers JA, Quintana DS, Abbott MJ-A, Kemp AH. Anxiety disorders are associated with reduced
heart rate variability: a meta-analysis. Front Psychiatry. 2014;5:80.
https://doi.org/10.3389/fpsyt.2014.00080 PMID: 25071612

20. Liu Y, Du S. Psychological stress level detection based on electrodermal activity. Behav Brain Res.
2018;341:50–3. https://doi.org/10.1016/j.bbr.2017.12.021 PMID: 29274343

21. Greco A, Valenza G, Lázaro J, Garzón-Rey JM, Aguiló J, de la Cámara C, et al. Acute stress state
classification based on electrodermal activity modeling. IEEE Trans Affective Comput.
2023;14(1):788–99. https://doi.org/10.1109/taffc.2021.3055294

22. Cristofori I, Moretti L, Harquel S, Posada A, Deiana G, Isnard J, et al. Theta signal as the neural
signature of social exclusion. Cereb Cortex. 2013;23(10):2437–47.
https://doi.org/10.1093/cercor/bhs236 PMID: 22875860

23. Yao M, Lei Y, Li P, Ye Q, Liu Y, Li X, et al. Shared sensitivity to physical pain and social evaluation.
J Pain. 2020;21(5–6):677–88. https://doi.org/10.1016/j.jpain.2019.10.007 PMID: 31683022

PLOS One https://doi.org/10.1371/journal.pone.0330603 September 4, 2025 15/ 16

https://doi.org/10.4088/jcp.v66n1102
http://www.ncbi.nlm.nih.gov/pubmed/16420070
https://doi.org/10.1001/archpsyc.58.3.251
http://www.ncbi.nlm.nih.gov/pubmed/11231832
https://doi.org/10.1001/archpsyc.64.8.903
http://www.ncbi.nlm.nih.gov/pubmed/17679635
https://doi.org/10.1177/0269881113495118
http://www.ncbi.nlm.nih.gov/pubmed/23884863
https://doi.org/10.1186/s12888-016-0946-y
http://www.ncbi.nlm.nih.gov/pubmed/27431392
https://doi.org/10.1111/acps.12249
http://www.ncbi.nlm.nih.gov/pubmed/24506164
https://doi.org/10.1056/NEJMcp1614701
http://www.ncbi.nlm.nih.gov/pubmed/28591542
https://doi.org/10.3389/fpsyt.2020.595584
http://www.ncbi.nlm.nih.gov/pubmed/33424664
https://doi.org/10.1016/j.jad.2016.05.069
http://www.ncbi.nlm.nih.gov/pubmed/27280967
https://doi.org/10.1016/s0005-7967(03)00064-0
http://www.ncbi.nlm.nih.gov/pubmed/14527533
https://doi.org/10.1093/nc/niaa026
http://www.ncbi.nlm.nih.gov/pubmed/39015778
https://doi.org/10.1371/journal.pone.0070468
http://www.ncbi.nlm.nih.gov/pubmed/23936207
https://doi.org/10.1016/j.ijpsycho.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23107994
https://doi.org/10.1016/j.janxdis.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30053635
https://doi.org/10.1007/s11920-019-1036-x
http://www.ncbi.nlm.nih.gov/pubmed/31161250
https://doi.org/10.3389/fpsyt.2014.00080
http://www.ncbi.nlm.nih.gov/pubmed/25071612
https://doi.org/10.1016/j.bbr.2017.12.021
http://www.ncbi.nlm.nih.gov/pubmed/29274343
https://doi.org/10.1109/taffc.2021.3055294
https://doi.org/10.1093/cercor/bhs236
http://www.ncbi.nlm.nih.gov/pubmed/22875860
https://doi.org/10.1016/j.jpain.2019.10.007
http://www.ncbi.nlm.nih.gov/pubmed/31683022
https://doi.org/10.1371/journal.pone.0330603


ID: pone.0330603 — 2025/9/1 — page 16 — #16

PLOS One Detection of social anxiety using multiple simultaneous biosignals

24. Lee S, Lee T, Yang T, Yoon C, Kim S-P. Detection of drivers’ anxiety invoked by driving situations
using multimodal biosignals. Processes. 2020;8(2):155. https://doi.org/10.3390/pr8020155

25. Vavrinsky E, Stopjakova V, Kopani M, Kosnacova H. The concept of advanced multi-sensor
monitoring of human stress. Sensors (Basel). 2021;21(10):3499. https://doi.org/10.3390/s21103499
PMID: 34067895

26. LabStreamingLayer. https://github.com/sccn/labstreaminglayer.
27. Sharbrough F. American electroencephalographic society guidelines for standard electrode position

nomenclature. Clin Neurophysiol. 1991;8:200–2.
28. Huneke NTM, Rowlatt H, Hyde J, McEwan A, Maryan L, Baldwin DS, et al. A novel procedure to

investigate social anxiety using videoconferencing software: a proof-of-concept study. Psychiatry
Res. 2022;316:114770. https://doi.org/10.1016/j.psychres.2022.114770 PMID: 35961154

29. Spitzer RL, Kroenke K, Williams JBW, Löwe B. A brief measure for assessing generalized anxiety
disorder: the GAD-7. Arch Intern Med. 2006;166(10):1092–7.
https://doi.org/10.1001/archinte.166.10.1092 PMID: 16717171

30. Huneke NTM, Broulidakis MJ, Darekar A, Baldwin DS, Garner M. Brain functional connectivity
correlates of response in the 7.5% CO2 inhalational model of generalized anxiety disorder: a pilot
study. Int J Neuropsychopharmacol. 2020;23(4):268–73. https://doi.org/10.1093/ijnp/pyaa019 PMID:
32170303

31. Croft RJ, Barry RJ. Removal of ocular artifact from the EEG: a review. Neurophysiol Clin.
2000;30(1):5–19. https://doi.org/10.1016/S0987-7053(00)00055-1 PMID: 10740792

32. McFarland DJ, McCane LM, David SV, Wolpaw JR. Spatial filter selection for EEG-based
communication. Electroencephalogr Clin Neurophysiol. 1997;103(3):386–94.
https://doi.org/10.1016/s0013-4694(97)00022-2 PMID: 9305287

33. Bradley MM. Natural selective attention: orienting and emotion. Psychophysiology. 2009;46(1):1–11.
https://doi.org/10.1111/j.1469-8986.2008.00702.x PMID: 18778317

34. Wilhelm FH, Kochar AS, Roth WT, Gross JJ. Social anxiety and response to touch: incongruence
between self-evaluative and physiological reactions. Biol Psychol. 2001;58(3):181–202.
https://doi.org/10.1016/s0301-0511(01)00113-2 PMID: 11698114

35. Tashjian SM, Fedrigo V, Molapour T, Mobbs D, Camerer CF. Physiological responses to a
Haunted-House threat experience: distinct tonic and phasic effects. Psychol Sci.
2022;33(2):236–48. https://doi.org/10.1177/09567976211032231 PMID: 35001710

36. Whitham EM, Pope KJ, Fitzgibbon SP, Lewis T, Clark CR, Loveless S, et al. Scalp electrical
recording during paralysis: quantitative evidence that EEG frequencies above 20 Hz are
contaminated by EMG. Clin Neurophysiol. 2007;118(8):1877–88.
https://doi.org/10.1016/j.clinph.2007.04.027 PMID: 17574912

37. Minguillon J, Lopez-Gordo MA, Pelayo F. Stress assessment by prefrontal relative gamma. Front
Comput Neurosci. 2016;10:101. https://doi.org/10.3389/fncom.2016.00101 PMID: 27713698

38. Tremmel C, Krusienski DJ, Schraefel M. Estimating cognitive workload using a commercial in-ear
EEG headset. J Neural Eng. 2024;21(6):066022.https://doi.org/10.1088/1741-2552/ad8ef8 PMID:
39500044

39. Harrewijn A, van der Molen MJW, van Vliet IM, Tissier RLM, Westenberg PM. Behavioral and EEG
responses to social evaluation: a two-generation family study on social anxiety. Neuroimage Clin.
2017;17:549–62. https://doi.org/10.1016/j.nicl.2017.11.010 PMID: 29527481

40. Wang C-A, Baird T, Huang J, Coutinho JD, Brien DC, Munoz DP. Arousal effects on pupil size,
heart rate, and skin conductance in an emotional face task. Front Neurol. 2018;9:1029.
https://doi.org/10.3389/fneur.2018.01029 PMID: 30559707

41. Ciresi S, Hewitt J, Raterink C. Anxiety disorder prediction from virtual reality head movements.
https://cs229.stanford.edu/proj2018/report/241.pdf

42. Won AS, Perone B, Friend M, Bailenson JN. Identifying anxiety through tracked head movements in
a virtual classroom. Cyberpsychol Behav Soc Netw. 2016;19(6):380–7.
https://doi.org/10.1089/cyber.2015.0326 PMID: 27327065

PLOS One https://doi.org/10.1371/journal.pone.0330603 September 4, 2025 16/ 16

https://doi.org/10.3390/pr8020155
https://doi.org/10.3390/s21103499
http://www.ncbi.nlm.nih.gov/pubmed/34067895
https://github.com/sccn/labstreaminglayer
https://doi.org/10.1016/j.psychres.2022.114770
http://www.ncbi.nlm.nih.gov/pubmed/35961154
https://doi.org/10.1001/archinte.166.10.1092
http://www.ncbi.nlm.nih.gov/pubmed/16717171
https://doi.org/10.1093/ijnp/pyaa019
http://www.ncbi.nlm.nih.gov/pubmed/32170303
https://doi.org/10.1016/S0987-7053(00)00055-1
http://www.ncbi.nlm.nih.gov/pubmed/10740792
https://doi.org/10.1016/s0013-4694(97)00022-2
http://www.ncbi.nlm.nih.gov/pubmed/9305287
https://doi.org/10.1111/j.1469-8986.2008.00702.x
http://www.ncbi.nlm.nih.gov/pubmed/18778317
https://doi.org/10.1016/s0301-0511(01)00113-2
http://www.ncbi.nlm.nih.gov/pubmed/11698114
https://doi.org/10.1177/09567976211032231
http://www.ncbi.nlm.nih.gov/pubmed/35001710
https://doi.org/10.1016/j.clinph.2007.04.027
http://www.ncbi.nlm.nih.gov/pubmed/17574912
https://doi.org/10.3389/fncom.2016.00101
http://www.ncbi.nlm.nih.gov/pubmed/27713698
https://doi.org/10.1088/1741-2552/ad8ef8
http://www.ncbi.nlm.nih.gov/pubmed/39500044
https://doi.org/10.1016/j.nicl.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29527481
https://doi.org/10.3389/fneur.2018.01029
http://www.ncbi.nlm.nih.gov/pubmed/30559707
https://cs229.stanford.edu/proj2018/report/241.pdf
https://doi.org/10.1089/cyber.2015.0326
http://www.ncbi.nlm.nih.gov/pubmed/27327065
https://doi.org/10.1371/journal.pone.0330603

	Detection of social anxiety using multiple simultaneous biosignals: A pilot study
	References


