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Abstract 1

Abstract

Acute stress is linked to a variety of negative outcomes, including increased risk for
mental and physical diseases, and reduced quality of life. Effective induction and accurate
measurement of acute stress responses are important for both research and clinical
purposes. Traditional methods rely on laboratory-based stressors, which can be costly,
time-consuming, and impractical for large-scale studies or real-world applications.
Measurements in outside-the-lab settings mostly reflect subjective stress levels while
objective and feasible measures of biological stress consequences are scarce. This
thesis aims to overcome these limitations by linking traditional psychological stress
research with innovative computer science methods.

First, covered by a published study, the concept, development and online evaluation of a
new Digital Stress Test (DST) for the induction and video-recording of acute stress
responses are presented. In this study, the first prototype of the DST was tested in a large
and experimenter-independent online study with 284 participants. Results show that the
DST could induce significantly higher levels of perceived stress and negative affect
compared to the control condition. Going beyond this study, further developments of the
DST and a pre-registered follow-up validation study are outlined. In this study, participants
perform the DST and the gold standard laboratory stress induction paradigm Trier Social
Stress Test while their physiological stress responses are evaluated. Lastly, the potentials
of using the DST to contribute to the development of video-based stress detection
methods are critically reviewed. Therefore, a follow-up online study for collecting a video
dataset is outlined and, based on the results of a further already published study, the
applicability of baseline machine learning algorithms for video-based stress detection dis-
cussed.

The findings in this thesis imply several potentials of the Digital Stress Test: First, the
DST is applicable as a tool for inducing acute stress responses in outside-the-lab settings
and thus making more ecologically valid and scalable stress studies possible. Secondly,
it also allows for gathering videos capturing stress-related behavioral data in real-world
scenarios and therefore supporting the development of reliable stress detection
algorithms. Finally, this thesis may present the DST as an invitation for promoting open
and collaborative research in the interdisciplinary field between psychology and computer

science.
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Zusammenfassung

Akuter Stress ist mit einer Vielzahl negativer Auswirkungen verbunden, einschlieflich
eines erhohten Risikos fur psychische und korperliche Erkrankungen sowie reduzierter
Lebensqualitat. Eine wirksame Induktion und genaue Messung akuter Stressreaktionen
ist sowohl fur Forschungs- als auch fur klinische Zwecke relevant. Traditionelle Methoden
setzen auf im Labor durchgefuhrte Stressoren, die kostenintensiv, zeitaufwendig und
unpraktisch fur grol3 angelegte Studien oder Anwendungen im alltaglichen Leben sein
konnen. Messungen aul3erhalb des Labors spiegeln meist das subjektive Stresslevel
wider, wahrend objektive und alltagstaugliche Methoden zur Messung von biologischen
Stressfolgen fehlen. Diese Dissertation zielt darauf ab, diese Einschrankungen durch die
Verbindung traditioneller psychologischer Stressforschung mit innovativen Methoden der
Informatik zu Uberwinden. Zunachst wird die veroffentlichte Studie Uber das Konzept, die
Entwicklung und die Online-Evaluation eines neuen Digitalen Stress Tests (DST) fur die
Induktion und Videoaufzeichnung akuter Stressreaktionen vorgestellt. In dieser Studie
wurde der erste Prototyp des DST in einer grof3en und experimentatorunabhangigen
Online-Studie mit 284 Teilnehmenden getestet und konnte im Vergleich zur
Kontrollbedingung signifikant starkeren wahrgenommenen Stress und negativen Affekt
auslosen.

Uber die Studie hinausgehend werden Weiterentwicklungen des DST und eine préa-
registrierte Validierungsstudie skizziert. In dieser zusatzlichen Studie fuhren die
Teilnehmenden den DST und das Goldstandard-Stressinduktionsparadigma Trier Social
Stress Test durch, wobei Daten zu physiologischen Stressreaktionen erhoben werden.
AbschlieRend wird das Potential, den DST fur die Entwicklung von videobasierten
Stresserkennungsalgorithmen zu nutzen, kritisch Uberpruft. Dafur werden Plane einer
weiteren Online-Studie zur Erstellung eines Videodatensatzes skizziert und, basierend
auf den Ergebnissen einer weiteren bereits veroffentlichen Studie, die Anwendbarkeit von
Grundlagenalgorithmen des maschinellen Lernens fur die videobasierte Stresserken-
nung diskutiert.

Die Ergebnisse dieser Dissertation zeigen die vielfaltigen Einsatzmdglichkeiten des DST
auf: Zunachst kann der DST zur Induktion akuter Stressreaktionen auf3erhalb des Labors
angewendet werden und somit Okologisch valide und skalierbare Stressstudien
ermoglichen. Darlber hinaus ermoglicht er die Sammlung von Videos, die

stressbezogene Verhaltensdaten in realen Szenarien erfassen und unterstutzt damit die



Zusammenfassung 2

Entwicklung von zuverlassigeren Stress-Detektionsalgorithmen. Zusammenfassend
konnen diese Dissertation und der DST als Einladung zur Foérderung offener und
kollaborativer Forschung im interdisziplinaren Bereich zwischen Psychologie und
Informatik dienen.
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1 Introduction

Psychosocial stress is a well-established risk factor for the development of
cardiovascular, metabolic and mental diseases, including hypertension, diabetes, anxiety
and depression (Yaribeygi et al., 2017). At the same time, stress induced morbidity and
perceived stress levels have been increasing for the past two decades (Eurofound and
EU-OSHA, 2014), making stress an important health and socio-economic challenge of
the 21st century and highlighting the importance of further research.

Most psychological stress research paradigms so far require laboratory settings,
additional resources and cannot be (easily) conducted in outside-the-lab settings which
impedes more ecologically valid research. The bounding to laboratory settings has also
been shown to be crucial for periods where traditional (laboratory) research is not feasible
or possible at all, such as during global pandemias or wars - despite the high importance
of psychological research during such periods (Pfeifer et al., 2021). Further, classical
stress induction procedures mostly rely on costly resources (e.g., laboratory personnel),
making them unfeasible for large scale application and hence, the collection of unbiased
and representative data. Remotely feasible stress research methods have been
emerging but are still laborious and require experimenter contact (Eagle et al., 2021;
Gunnar, 1987; Meier et al., 2022). While these methods can be seen as a first step
towards laboratory-independent studies and have been shown to be extremely helpful
during global crises, they are not suited for large scale studies. A psychological paradigm
that could be performed by participants independently in their own specific environment
without any further equipment or setups would not only allow to transfer traditional
(laboratory) stress studies to outside-the-lab settings but also to gather information from
much bigger and more diverse cohorts (Kirschbaum, 2021). This would not only increase
the statistical power but also open the path to inclusive and unbiased study samples.

At the same time, innovative computational analysis methods have been successfully
applied for various applications with promising results for the stress research domain.
These methods usually require large amounts of reliably annotated and multimodal data
(Althnian et al., 2021; Wang et al., 2020). So far, stress datasets including information on
non-verbal behavior (e.g., facial movements, voice, head movement) are usually small
and either poorly or inconsistently annotated which leads to inconclusive results (Aigrain
et al., 2018; Norden, Wolf, et al., 2022).
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In the published study underlying this thesis, we have conceptualized, developed and
evaluated a new digital paradigm - the Digital Stress Test (DST) - for inducing and
(video-) recording acute stress responses. The DST can be conducted with smartphones
via a fully automated web application and does not require any further equipment or
experimenter contact. It allows for administering scalable and outside-the-laboratory
stress studies while gathering non-verbal behavior data captured through video record-
ings.

In the following, | will emphasize the necessity of such scalable and remotely feasible
stress induction and recording tool by giving a brief overview of limitations in currently
used methods and presenting advances in computational stress video analysis. The
Introduction section ends with pointing out the aims and hypotheses investigated in the
accompanying publication. | include research questions going beyond the present
publication which will be discussed on the basis of an on-going pre-registered study
(Norden, Mayer, et al., 2022) and results of an additional publication (Norden, Wolf, et al.,
2022). In the following sections — Methods & Results — first, the general concept,
technological implementation and details of the online evaluation study are summarized
before most important findings of the evaluation including unpublished results are
presented. Finally, in the last section — Discussion — the results of the published study
are put into context and most important implications and limitations discussed.
Specifically, | will discuss the limitations in the light of follow-up analyses and current and
planned developments within the DST project. The Discussion section ends with ethical
considerations where the presented research is critically evaluated regarding ethical

concerns.

1.1 Current Stress Paradigms and their Limitations

Most classical stress induction paradigms are introduced and explained with respect to
their limitations in the introduction section of the accompanying publication. These include
the Trier Social Stress Test (TSST; Kirschbaum et al., 1993) with its adaptations for
groups or virtual reality (VR) usage (Jonsson et al., 2010; Montero-Lépez et al., 2016;
Shiban et al., 2016), the Montreal Imaging Stress Task (MIST; Dedovic et al., 2005), the
Imaging Paradigm for Evaluative Social Stress (Fehlner et al., 2020) and the socially
evaluated cold pressor test (Minkley et al., 2014). Many of these are limited in their
scalability due to being bound to laboratory settings and equipment (e.g., TSST, VR-
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TSST) or have not been tested outside the lab (e.g., MIST). Only most recently —
accelerated by the COVID-19 pandemia with its implications for limited possibilities of
traditional face to face research — an interest in remotely feasible stress induction
paradigms has emerged (Kirschbaum, 2021; Pfeifer et al., 2021). Several versions of
online (video-conferencing) versions of the TSST have been tested since its first
publications by Gunnar et al. (2021) and Eagle et al. (2021). For the online TSST,
participants perform the mock job interview task and mental arithmetic task in front of a
videoconferencing tool without any in-person assessments. Various studies showed that
online TSSTs can induce subjective stress, and activate the autonomic nervous system
(Harvie et al., 2021; Huneke et al., 2021; Reed et al., 2023). Further, recent studies
(Gunnar et al., 2021; Meier et al., 2022) also showed the efficacy of the online versions
in activating the HPA axis as measured in saliva cortisol. In their review on stress
research during the COVID-19 pandemic, Pfeifer et al. (2021) also illustrate the potentials
and perspectives of remotely feasible stress induction paradigms going beyond the
pandemic. First, such procedures would increase the accessibility and enable
standardized research in field contexts (e.g., workplaces, sports events, military regions,
airplanes) with defined stressors. Secondly, stress induction paradigms that are not
restricted to laboratory settings would allow for more inclusiveness regarding participants.
Older or home-bound participants (e.g., neuromuscular diseases, depression & anxiety),
as well as participants who are living too far away from the laboratory, could be easily
integrated into stress studies. Participants originating from different cultures could be
easily reached at the same time, allowing for comparative cultural stress research.

Indeed, the emergence of the online TSST opens a whole new perspective on basic
stress research. On the other hand, the procedure still relies on live interactions between
participant, panel and experimenter. Thus, while being far more easily conductible and
scalable than the laboratory TSST, performing large scale studies still remains a logistic
challenge. The VR versions of the TSST theoretically could be applied without any
experimenter contact but this would require participants to possess or obtain VR glasses,
which is - at least currently - not realistic. In one study by Almazrouei et al. (2022) that
was published shortly after the paper underlying this thesis, the authors adapt the Trier
Mental Challenge Test Stress Protocol (Kirschbaum et al., 1992) for an automated online
application, without any (direct or virtual) experimenter contact. This protocol is based on
the well-known stress induction principles of uncontrollability and social-evaluative threat
(Dickerson & Kemeny, 2004). Participants need to answer general knowledge and
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arithmetic questions under time pressure and receive negative feedback. In their study,
118 participants performed either the stress test or a comparable control test on an online
platform. They measured the state anxiety and the subjectively perceived stress levels
after the stress induction and could show significantly higher stress and anxiety levels in
the stress group. While this can be seen as promising evidence for the possibilities of
remote and independent stress induction, some limitations of the studies have to be
discussed. First, participants’ baseline stress levels have not been measured and thus,
not been accounted for in the group comparison. Secondly, the stress levels are only
measured with one visual analogue scale, overseeing potentially more psychological
dimensions of stress (such as frustration and shame). Further, physiological stress
indicators are still lacking and would need to be checked in follow-up studies. In general,
this study tackles one important aspect of current stress research advancements - namely
providing a remotely and independently feasible stress induction paradigm - that was also
motivating the development of the DST. Having seen the potentials of a (scalable)
remotely feasible stress induction paradigm, the following section argues (for using such
a tool) to also include the possibility to collect (reliably annotated) non-verbal behavioral
stress video data to the paradigm.

1.2 Stress Analysis from Video Data

Using video data for learning about the non-verbal behavioral properties of the stress
response and/or developing stress prediction algorithms is a growing research area at
the intersection of psychology and computer science. Researchers use videos of partici-
pants (e.g., recorded during laboratory experiments) that are annotated with some kind
of stress level (e.g., perceived stress level questionnaires, cortisol indices, external an-
notators’ impression of the participant’s perceived stress), define and extract different
features (e.g., facial movements, voice characteristics, pulse levels) and perform stand-
ard statistical tests (e.g., t-tests for group comparisons, regression) or train machine
learning algorithms (e.g., Random Forest Classifier or neural networks). This way, con-
clusions about the non-verbal behavior of (more or less) stressed people can be drawn
and used for predicting and feedbacking stress levels to a user, for example in monitoring
drivers’ stress (Gao et al., 2014).

To the current date, an extensive and comprehensive literature review on video based

stress detection algorithms (including dataset properties, feature extraction, algorithms
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and results) is missing, although various works have been published in the past: For ex-
ample, Giannakakis et al. (2017) developed an algorithm for detecting stress using facial
cues extracted from videos in 2017 already. They could show that selected facial cues
for discriminating between stress-induced and neutral states showed accuracy rates
higher than 80% with different classification methods (e.g., support vector machine, Ada-
Boost). Additionally, they identified specific voluntary or semi-voluntary facial cues (e.g.,
eye-related, mouth activity and head movement features) that serve well for discriminat-
ing stressed from neutral states, thereby providing insights into behavioral correlates of
the stress response.

Among other experiments, Aigrain et al. (2018) applied several support vector machines
on behavioral features extracted from videos for classifying different stress dimensions
and could also achieve F1 scores up to 0.8 for externally annotated stress levels but lower
scores for predicting self-assessed (0.6) or physiological (0.79) stress levels. In their
study, they also analyzed the predictive power of behavioral features and could show that
body movement features were most informative across the different stress dimensions.
Zhang et al. (2020) analyzed facial expressions and action motions in participant videos
in an own dataset with a two-leveled stress detection network yielding detection accuracy
of 85.42%.

Using the recorded speeches of 43 participants undergoing the Trier Social Stress Test,
Baird et al. (2019) developed an algorithm to predict sequential measures of cortisol.
They found highest correlations of p = .421 between a Support Vector Regression model
predictions and cortisol measures. In another recent work, Baird et al. (2021) combined
several TSST datasets and incorporated facial expressions as well as a multimodal ap-
proach to predict physiological (e.g., cortisol levels, heart rate, respiration) and externally
annotated emotional (e.g., valence and arousal rating) stress. Using the same acoustic
features with a deep neural network architecture (Long Short-Term Memory Recurrent
Neural Network), they improved their results to correlations between model predictions
and cortisol levels of p = .770. Other approaches implemented algorithms using the heart
rate variability detected from facial videos (analyzing the subtle color changes of the skin
due to heartbeat) to classify stress levels based on the State-Trait-Anxiety-Inventory
questionnaire (luchi et al., 2020; Mitsuhashi et al., 2019). They reported accuracies of
higher than 70% for different stress levels.

While this is not meant to be an exhaustive overview, the potentials of stress detection
algorithms become clear. Preliminary results seem promising and systems are already
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tested for real-world applications such as driver monitoring (Gao et al., 2014) and student
emotion inference during lectures (Tongug¢ & Ozaydin Ozkara, 2020). Nevertheless, there
are reasons to investigate this more closely: First, it is hard to objectively evaluate and
compare different works due to strongly varying methods and measures. Secondly, the
applicability of such algorithms highly relies on the size, quality, representativeness and
annotation of the development’s underlying dataset which is not always considered. For
example, a driver monitoring system trained on external annotated stress levels would
not be able to predict physiological arousal or subjective feelings of stress. Lastly, most
video datasets currently used for stress detection algorithm development are rather small
and do not represent naturalistic settings (Roldan-Rojo et al., 2021). Thus, there is a need
of collecting more video data, ideally from different participant cohorts, in different settings
and with reliable stress level annotations. Additionally, the research community would
highly benefit from an open science approach, where datasets, code and results are

clearly communicated and set into context.

1.3 Objectives

The objective within the accompanying publication (Norden, Hofmann, et al., 2022) was
to conceptualize a remotely and online feasible stress induction paradigm that can be
conducted (with a smartphone) without any researcher contact. Additionally, we aimed
for evaluating the feasibility of the tool in a large online study and validate the subjective
stress induction against a suited control condition. In this thesis, | want to build upon this
work and put the DST into the broader context of interdisciplinary psychological and
computational stress research. | will tackle limitations discussed in the accompanying
publication by describing current and future plans within the DST project. Therefore, | will
present an on-going pre-registered follow-up laboratory validation study (Norden, Mayer,
et al., 2022) and further technological developments of the DST.

Secondly, | want to discuss opportunities and limitations of the video recording
capabilities implemented in the DST with respect to developing a new stress video
dataset and stress detection algorithms. | will demonstrate how the definition and
annotation of the stress response influences the results of algorithms developed with this
data taking a published evaluation study of stress test video based machine learning

algorithms into account (Norden, Wolf, et al., 2022).
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Finally, this thesis serves as an invitation for interdisciplinary stress research to
collaborate on a large scale and promote open science (e.g., making research protocols,
data, and analysis and implementation code available for the community).
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2 Methods

In this section, | will summarize the methods used for conceptualizing, developing and
evaluating the DST as described in more detail in Norden, Hofmann, et al. (2022). Further,
statistical methods that were applied for deriving results, which have not been published
are included. Methodological details on the additional pre-registered follow-up laboratory
study and the evaluation study on machine learning models for video-based stress de-
tection are covered in the respective publications (Norden, Mayer, et al., 2022; Norden,
Wolf, et al., 2022).

2.1 Concept & Development of the DST

The general idea of the DST is to provide a scalable (digital) way to perform stress studies
independently and collect videos capturing stress related behavior of the participants.
Thus, we designed the DST as an easy-to-use smartphone web application where
subjects conduct the study (via internet) without the need for direct communication to the
researchers or additional resources (i.e., wearables or native application downloads). To
elicit an individual stress reaction, we implemented principles of classical stress
paradigms suited to this digital setting. The DST framework also includes information on
study background, privacy, consent and debriefing as well as several mood
questionnaires which can be adapted for specific study purposes. To evaluate the stress
induction potential of the DST, we developed a control version - the Control-DST (C-DST)
- that resembles the general design and procedure of the DST but is changed with respect
to stress induction elements. The code and prototypes of both web applications can be

found on www.digitalstresstest.org/code. Screen recordings of the versions used within

the present study can be found in the Multimedia Appendices of the accompanying
publication (Norden, Hofmann, et al., 2022).

2.1.1 Digital Stress Induction Paradigm

The Digital Stress Test paradigm comprises a mental arithmetic part and a verbal
answering task. Both tasks and the underlying app framework are enhanced with several
stress-inducing framings and other functional or design elements to elicit feelings of
uncontrollability and social-evaluative threat (Dickerson & Kemeny, 2004). First, the
whole procedure is introduced as a “cognitive-verbal performance test” where the
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participants are video recorded by the front camera, and their behavior gets analyzed.
The first task is then framed as a simple calculation task that a faked comparison group
would have solved with an average of 75% correct answers.

In the calculation task (“Math-Task”) participants have to solve simple calculation tasks
(i.e., addition, subtraction, multiplication, division of two numbers ranging from 1 to 99
with solutions ranging from 1 to 99) on a number field within a given time limit. Negative
visual (e.g., screen turns red) and verbal feedback is provided for wrong or too slow
inputs. No positive feedback is provided for correct responses but the next task is
displayed immediately. Participants do not get informed on the duration of the whole task.
The difficulty of the tasks is adaptively changing depending on the current performance
of the participant. Therefore, the time limit for answering the tasks is shortened by 10%
when the participant answers a series of three consecutive tasks correctly. At the same
time, the order of the input field number changes randomly and stays like this for the
following four tasks. The limit is extended by 10% when the participant fails to correctly
respond to the tasks for three times in a row. To motivate on-going participation, a prompt
that indicates the relevance of the participation is displayed when the participant does not
give any input for five consecutive tasks. Additionally, the following task is programmed
to be an easily solvable summation task. During the whole Math-Task, the participants
see a bar chart comparing their current percentage of correct responses with the apparent
average of 75% for the faked comparison group. Due to the implemented difficulty
adaptation algorithm, the participants will perform worse than the comparison group
which reminds the participant of failing in the cognitive performance task. To remind the
participants that they’'re being recorded and apparently analyzed, the video recorded by
the smartphone front-camera is directly displayed in the upper half of the screen for the
whole Math-Task. After 1.5 minutes the Math-Task automatically stops and the
participants see their final performance compared with the fabricated performance of their
comparison group.

The verbal answering task (“Speech-Task”) is framed to assess verbal skills within
presentation-like scenarios similar to job-interview situations. The Speech-Task contains
three inconvenient questions (Fehlner et al., 2020) but participants are not informed on
how many and which questions will follow. For each question, the participants are
instructed to prepare convincing verbal responses for ten seconds. They then have to
present their response in front of the camera for twenty seconds. Preparation and
presentation times are displayed through a countdown bar. The smartphone front camera
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video recording is displayed in the upper half of the screen. During presentation periods
only, the whole screen blinks red and a voice visualization is displayed. If no noise input
signal is recorded for one second, the participant gets reminded to keep on talking.

2.1.2 Control - DST

To ensure a comparable baseline, the Control - DST (C-DST) procedure exactly matches
the DST procedure up to the first mood evaluation questionnaire. Afterwards the general
structure and design are similar but the framing and the task details differ. The
participants get informed that they are part of the control group and that no video
recording takes place. There is no framing of a comparison to other participants.

The C-DST Math-Task is implemented to be much easier: Only summation tasks are
displayed and the initial time limit is longer. The time limit is extended by 10% as soon as
the participant answers one task incorrectly or not at all. The time limit is shortened by
10% when the participant answers a series of four consecutive tasks correctly. The order
of the input number field does not change. Layout and feedback are chosen to be more
encouraging: The screen color changes to green for correct answers and does not
change for wrong answers. The time limit is displayed using a green progress bar. Neither
a faked comparison to other participants nor any live recordings of the front camera are
shown. The C-DST Speech-Task is not introduced as an assessment of verbal skills. The
three answering scenarios include neutral topics. Neutral images are displayed in the
upper half of the screen. The colors are chosen to be more calming. There is no
distraction through a red blinking background.

2.1.3 Technological Framework & Security

The system architecture of the applications is shown in Figure 1 and explained in more
detail in the accompanying publication. Both applications were developed as single-page
web applications with the JavaScript framework React.js. The applications are hosted on
a university server using the open-source study management system JATOS (Lange et
al., 2015). For the purpose of the published study, the storage of video data was disabled
and only age and gender inputs, meta data (i.e., study progress, durations) , Math Task
inputs and sound levels recorded during the Speech Task were collected. Security
measures included using NginX and ensuring Secure Sockets Layer (SSL) encryption
and restrict access with Hyper Text Transfer Protocol Secure (HTTPS). For securely
saving potentially identifiable video data we also implemented a secure copy protocol



Methods

13

(SCP) that automatically transfers data from the publicly reachable university server to a

separate storage server.

Participant smartphone
browser
Single-page o~
application N/

University server
(public IP access)

JATOS instance "

SSL/TLS

SSL/TLS Publlc API

i
SSL/TLS API

"W

SCP

Storage server

Cll | SSL/TLS

Experimenter
browser

JATOS GUI

Figure 1. System architecture of the test applications (taken from Norden, Hofmann, et al., 2022).

2.2 Online Study

To evaluate the feasibility and the stress induction potential of the DST, we conducted a

large online study comparing affective responses of DST and C-DST participants indi-

cated in different questionnaires.

2.2.1 Participants and Recruitment

Participants were recruited via publication of the study participation link in several mailing

lists, social networks, podcasts and websites. Data collected for this study reflect a period

of two weeks, from February 10 to February 24, 2021. During this time, 547 participants

started the study (see Figure 2). Participants with incomplete tests (n=229), previous self-

reported knowledge of the framing (n=13), self-reported usability issues (n=19), or unre-

alistic study duration (n=2) were excluded.
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Figure 2. Online study design including number of participants and dropouts at different stages

of the study (taken from Norden, Hofmann, et al., 2022).

2.2.2 Procedure

Participants were randomly forwarded to one of the two web applications after clicking
the study link. Before starting the actual paradigm with the first task, participants of both
applications were informed on study background, procedure and privacy aspects in the
same way. Participants filled out built-in affective state assessment questionnaires - the
Visual Analogue Scales (VAS) and the international short form of the Positive And
Negative Affect Scale (i-PANAS SF) - before, during and after the two tasks. Debriefing
information and a link to follow-up questionnaires on an external website were displayed
at the end of the tests. The study was approved by the Ethics Committee of University of
Potsdam (application 33/2020) and was conducted in accordance with the General Data

Protection Regulation.

2.2.3 Statistical Analyses

Data analyses were performed using Python 3.7. The code for preprocessing and
analyzing the data has been published on a public repository which can be found at
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https://github.com/mno-93/DST-validation-study-analysis. First, distributions of the

affective response data collected using VAS and PANAS were assessed for normality
and homogeneity of variances using Shapiro-Wilk and Levene tests. Afterwards, we used
two separate mixed-model analyses of variance (ANOVA) for repeated measurements
with the factor TIME (baseline and post for PANAS; baseline, intermediate, post for VAS)
and the between-participant factor GROUP (DST vs. C-DST). We used Greenhouse-
Geisser corrections for the degrees of freedom where the sphericity assumption was not
fulfilled. Because of different group sizes and nonhomogeneity of variances, post hoc
comparisons were performed using Welch’s t-test. Additionally, mean VAS scores for the
subjective stress experience regarding different aspects of the web applications were
calculated and ranked.

As a further evaluation, affective responses of DST participants in this study were
compared to those of participants conducting the TSST in four previous studies (Herten
et al., 2016; Herten, Otto, et al., 2017; Herten, Pomrehn, et al., 2017; Wolf et al., 2015).
Therefore, we analyzed the normalized PANAS subscores (i.e., positive and negative
affect) in a two-step meta-analysis. For each TSST study, a paired t-test on the
normalized pre- and post PANAS subscores was performed and the standardized effect
size calculated. We then combined the individual TSST study effect sizes by assigning
weights based on the inverse of the change score variance (Borenstein et al., 2009) and
compared it to the standardized effect size observed in DST participants.

As part of the online study but not published in Norden, Hofmann, et al. (2022), we
compared the individual performances during the Math-Task and the speaking
participation between DST and C-DST using Mann-Whitney-U tests. As a measure of
performance during the Math-Task, we used the percentages of a participant’s correct
answers. To assess a participant’s participation in the Speech-Task, we calculated the
percentage of sound input reaching a pre-set threshold during the presentations.
Additionally, we analyzed the relationships of performance during the Math-Task,
speaking activity during the Speech- Task and the subjective stress experience using

Spearman correlations.


https://github.com/mno-93/DST-validation-study-analysis
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3 Results

In this section most important results of the accompanying publication are summarized.
This includes general information on the online study and the affective response evalua-
tion, described in detail in Norden, Hofmann, et al. (2022). Additionally, unpublished
analysis results regarding the context in which the users performed the tasks, and the
relationship of performance during the Math-Task and speaking activity during the

Speech-Task to the subjective stress experience are presented.

3.1 Participants and Study Procedure

Number of participants and dropouts at different stages of the study are illustrated in
Figure 2. From 547 participants that started the study, 103 individuals (50 men, 52
women, 1 other) completed the DST and 181 individuals (83 men, 96 women, 2 other)
the C-DST. DST participants finished the procedure in 7.69 minutes (SD 1.35 minutes)
and C-DST participants took 6.53 minutes on average (SD 1.05 minutes). Overall 229
individuals did not finish the study. Within the C-DST group, 41/247 (16.6%) participants
dropped out whereas 188/300 (62.7%) participants dropped out after starting the DST.
Most DST dropouts (89/188) took place before starting the Math-Task.

3.2 Affective Response Evaluation

The affective responses indicated by the participants at different time points during the

procedure are illustrated in Figure 3 and 4.

A) (B)

6 6
*%
||

Figure 3. Digital Stress Test (blue) and Control - Digital Stress Test (orange) participants’ indi-
cated negative (A) and positive (B) affect in the Positive and Negative Affect Schedule (PANAS)
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subscales before and after stress induction (taken from Norden, Hofmann, et al., 2022).
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Using mixed-model ANOVA for the PANAS negative affect subscale measurements, we
found a significant main effect for the factor GROUP (F1 282 = 5.83; p = .02; np? = 0.02)
and a significant GROUP x TIME interaction effect (F1.2s2 = 31.37; p < .001; ny? = 0.10).
Participants’ overall reported negative affect was higher in the DST (mean 1.70, SD 0.55)
than C-DST (mean 1.54, SD 0.57) group (p < .001). In the baseline measurements,
participants’ indicated negative affect was not significantly different between DST (mean
1.57, SD 0.56) and C-DST (mean 1.58, SD 0.58) group (p = .99) whereas negative affect
in the post-test assessment was significantly higher in the DST (mean 1.84, SD 0.7) than
C-DST (mean 1.49, SD 0.64) group (p < .001). The mixed-model ANOVA for PANAS
positive affect scale yielded a significant main effect for the factor TIME (F1,2s2= 0.43; p
< .001; np?=0.002) but neither for the factor GROUP (p = .40) nor for the interaction
GROUP x TIME (p = .51). Overall, perceived positive affect was significantly higher after
(mean 3.34, SD 0.76) than before (mean 3.02, SD 0.65) conducting the tests (p < .001).

W DST (n=103)
= C-DST (n=181)

VAS stress
Math-Task
Speech-Task
Math-Task
Speech-Task

(©) Baseline Intermediate After D) Baseline Intermediate After

— 120 ok
(13 = 10X ..
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8
8

&

Speech-Task
&

VAS shame
Math-Task
VAS overstrain
Math-Task
Speech-Task

B8

. -
Ol b 1
0

Baseline Intermediate After Baseline Intermediate After

Figure 4. Digital Stress Test (blue) and Control — Digital Stress Test (orange) participants’ indi-
cated affect in the four visual analogue scales at different time points (taken from Norden,
Hofmann, et al., 2022)..

Separate mixed-model ANOVA for the VAS related to stress showed significant main
effects for the factors of GROUP (F1 282 = 14.42 ; p < .001; np? = 0.05) and TIME (F2,564 =

75.11; p < .001; ny? = 0.21), and a significant interaction between these factors (Fz 564 =
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14.28; p < .001; ny2 = 0.05). Overall, reported stress responses were higher for DST
(mean 42.39, SD 20.87) than for C-DST (mean 32.79, SD 20.27) participants (p < .001).
Perceived stress levels of DST participants significantly increased over the course of the
Math-Task, from a baseline of 32.92 +- 25.48 to an intermediate level of 46.76 +- 26.01
(p < .001). It then significantly decreased over the Speech-Task, from the intermediate
level of 46.76 +- to a level of 29.15 +- 25.96 after the procedure (p <.001). Similar patterns
were found for three other stress-related attributes (frustration, shame, and overstrain)
when conducting separate mixed-model ANOVA and post-hoc tests.

Further, we compared the stress-inducing potential of the DST with the results of four
previously conducted TSST studies (Table 1) in a two-step meta analysis. Participants
reported a significantly higher negative affect after conducting the tests in all but one
TSST study. The combined effect size for the change in negative affect of the TSST
(combined d; = 0.667) studies was slightly higher than the effect size for the change in
negative affect of DST participants (d; = 0.427) in this study. Participants indicated a
significantly higher positive affect after conducting the DST whereas there was no
evidence for significant increases in TSST participants’ positive affect.
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Table 1: Overview of studies used for meta-analytical comparison of the Digital Stress Test with
the Trier Social Stress Test (TSST). Adapted from Norden, Hofmann, et al., (2022).

Study, Score before, Score after, Change, Welch t-test
PANAS? subscale mean (SD) mean (SD) mean (SD)
P value d;

Digital Stress Test (N=103) — Norden, Hofmann, et al. (2022)

NAP 1.57 (0.56) 1.84 (0.70) 0.27 (0.61) <.001 0.427

PA° 3.08 (0.65) 3.37 (0.85) 0.29 (0.61) <.001 0.382
TSST (N=26) - Herten, Pomrehn, et al. (2017)

NA 1.28 (0.38) 1.82 (0.66) 0.55 (0.68) <.001 1.015

PA 2.95 (0.45) 2.94 (0.59) -0.01 (0.51) 91 0.022
TSST (N=26) - Herten, Otto, et al. (2017)

NA 1.33 (0.32) 1.66 (0.57) 0.32 (0.44) <.001 0.694

PA 2.95 (0.56) 2.97 (0.64) 0.02 (0.45) .86 0.026
TSST (N=20) - Herten et al. (2016)

NA 1.36 (0.33) 1.51 (0.71) 0.16 (0.68) .32 0.281

PA 2.75(0.42) 3.02 (0.96) 0.27 (0.82) 16 0.363
TSST (N=50) - Wolf et al. (2015)

NA 1.43 (0.56) 1.85 (0.72) 0.42 (0.53) <.001 0.655

PA 3.02 (0.57) 2.88 (0.68) -0.14 (0.47) .04 0.221

2PANAS - Positive And Negative Affect Schedule
®NA — Negative Affect
°PA — Positive Affect
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3.3 Context, User Experience and Stress Element Analysis

After finishing the web application procedure, participants were asked to answer general
questions on the situation during which they performed the test, and on usability and
functionality of the web apps. Further, we asked them to rate their subjective stress
perception regarding specific elements within the procedure. Participants conducted the
task in 10 different nations, at varying times of the day (e.g. 21% of the participants
performed the study in the morning, 34% in the evening), diverse locations (95% at home,
3% at work, 2% on the way), different postures (80% sitting, 14% lying, 6% standing),
with (13%) and without (87%) presence of other people and in silent (67%) and non silent
(33%) environments. Most participants (92.6%) did not report any usability problems. Par-
ticipants, that reported limited readability of the texts or could not properly use the VAS
implementation, were excluded from the affective response evaluation. Other usability
issues included scrolling issues within the Math-Task or problems regarding the
responsiveness of the layout for different smartphones and browsers. The results of the
element-specific subjective stress perception analysis are displayed in Table 2. DST
participants indicated that the Math-Task was the most stressful part during the
procedure, followed by the Speech-Task and the framings in the beginning. For both
tasks, the participants indicated that time pressure was the most stressful aspect. Being
recorded through the front camera was not perceived as that stressful. Randomly
swapping the input field after three consecutive correct task responses seemed to induce
a high level of perceived stress.

In addition to the published results, we analyzed the influence of the personal
performance during the Math-Task and the speaking participation during the Speech-
Task on the subjective stress levels. First, we compared the individual performances
during the Math-Task as well as the speaking participation between DST and C-DST.
Participants of the DST achieved significantly lower performances (Mdn = 46.67%) than
participants performing the C-DST (Mdn = 82.14%), U = 90.00, p < 0.001. Participants of
the DST participated significantly more in the Speech-Task (Mdn = 11.11%) than C-DST
participants (Mdn = 6.00 %) based on the recorded sound inputs, U = 9048.00, p = 0.04.
Secondly, we analyzed the relationship between the DST-participants’ performance or
speaking participation and their changes on the VAS stress scales for the two tasks (i.e.,
pre-to-intermediate for Math-Task performance, intermediate-to-post for Speech-Task
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participation) performing Pearson correlation analysis. There was no evidence for
significant associations between the performance in the Math-Task and the change of
indicated stress levels (r(101) = - .15, p = .13) nor between the speaking participation
during the Speech-Task and the changes of indicated stress levels (r(101) = - .15, p =
13).

Table 2: Elements of the Digital Stress Test (DST) and perceived stress levels (adjusted from
Norden et al., 2022).

Stress Element in the DST VAS? Mean + SD
Framing n/a®
Participation in a performance test 65.4 +23.8
Behavior analysis through algorithm 40.6 £ 27.5
Math-Task (overall) 779+ 184
Time limit 88.8 +13.5
Random input field swap 88.6 + 15.6
Feedback after every calculation task 67.3+£24.0
Task difficulty 62.8 £ 26.3
Live comparison to other participants 59.8 + 28.5
Personal results / performance 58.0£29.0
Front camera activation 39.7 +28.6
Speech-Task (overall) 46.2 + 23.3
Preparation periods 455+ 25.8
Time limits 451 +27.3
Questions 43.6 +23.8
Front camera activation 37.1+£259
Audio visualization of the voice 30.2+24.2

aVAS - Visual Analogue Scale

®n/a — Not applicable
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4 Discussion

In the accompanying publication (Norden, Hofmann, et al., 2022), we assessed the
viability of a smartphone-based, fully digital stress paradigm (DST) to induce
psychosocial stress outside of a laboratory setting. The DST was compared to a digital
control condition (C-DST) in a large online study and the participants’ affect changes were
set in context with those previously seen in the Trier Social Stress Test (TSST). It was
the first study to evaluate the stress responses of an experimenter-independent,
automated paradigm without any human-human interaction. In the following, | will critically
discuss the presented results on the basis of the accompanying publication including
interpretations of the results with respect to related work, potentials of the DST, and
limitations. Further, | include additional information on further developments of the DST,
additional validation and machine learning studies (Norden, Mayer, et al., 2022; Norden,

Wolf, et al., 2022), and future plans within the project.

4.1 Principal Findings

Results showed that the DST induced significantly higher levels of perceived stress and
negative affect compared to the control condition, with participants also reporting
increases in related affects such as frustration, shame, and overstrain. Remarkably, the
DST participants’ reported increases in negative affect were not only greater than those
indicated by C-DST participants but comparable to those seen in previous TSST studies,
as shown by calculated effect sizes.

With this study, we provided initial evidence that subjective stress can be induced outside
the lab in a standardized way without requiring further equipment or any interaction with
researchers. This is in line with results obtained with other innovative and less controlled
stress induction paradigms like different virtual reality or online versions of the TSST. A
recent meta-analysis on VR-TSSTs concluded that the effect sizes of the stress reactivity
were comparable to those calculated in traditional TSST (Helminen et al., 2021) and
Gunnar et al. (2021) reported effect sizes in the range of traditional TSST for their online
version. On the other hand, some studies reported successful stress inductions with
weaker stress responses (Montero-Lopez et al., 2016; Shiban et al., 2016; Turner-Cobb
et al., 2019), attributing this mainly to a lack of social evaluation stress when the protocol

does not include direct human-human interactions.
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The study that was evaluating the stress responses of a fully automated online paradigm
shortly after the results of the DST were published (Almazrouei et al., 2022), reported
successful subjective stress inductions. While the virtual reality and online versions of the
TSST have already been shown to also induce physiological changes, the fully automated
online paradigms’ stress induction potential still needs to be further evaluated.

Interestingly, the Math-Task seemed to evoke a stronger stress response than the
Speech-Task whereas in previous studies especially public speaking parts have been
shown to induce higher stress levels in participants (Dickerson & Kemeny, 2004;
Westenberg et al., 2009). This might be due to the lack of direct social interaction or
human evaluation in comparison to live experiments. Additionally, despite the automated
feedback to continue speaking, it could be that participants did just not follow the
instructions. They were informed that their videos would be analyzed but knew that the
videos were not permanently stored or watched by human evaluators. We already
received an ethics approval for an additional online study during which the videos will be
stored and participants informed that their behavior will be evaluated. Furthermore, we
already implemented a faked speech quality feedback component into the current version

(www.digitalstresstest.org) which intends to put an additional social evaluative stressor to

the task and remind the participants of failing. We hypothesize that the stress perceived
over the Speech Task will be stronger in the upcoming study than in the published one.
The potential of performing automated online studies became clear in this study already.
The number, composition and study contexts of participants exceeded those observed in
previous stress induction studies by far (Campbell & Ehlert, 2012). On the other hand,
the sample in this study was still biased with respect to the age and educational
background which points to the influence of advertising channels. This study was widely
spread through a wide-spread German political podcast (Banse & Buermeyer, 2021) and
university mailing lists. Additionally, even if the internet is now used across all ages,
younger people tend to spend more time with it (Bucur et al., 1999; Hargittai et al., 2019)
which further exacerbates the age bias. Thus, there are several points to consider when
interpreting the results of this study:

First, the stress reactivity can differ across ages and backgrounds (Gotthardt et al., 1995;
Neupert et al., 2006). It could theoretically be that the DST might be able to induce
subjective stress in a young, higher-level educated population but fails to do so in other
cohorts and hence, could not be applied for general stress studies. Secondly, as the
purpose of the DST is also to collect a multimodal stress dataset for developing video-


http://www.digitalstresstest.org/
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based stress detection systems, these biases would be propagated to the algorithms
when not handled carefully. While we do not expect big differences in terms of stress
induction, we plan to broaden the study advertisement strategies and specifically account
for age, culture and educational backgrounds in the upcoming online study. We aim to
ensure a representative and unbiased study sample for creating the video dataset and
the respective algorithms.

Two challenges in conducting fully automated online studies are the lower barrier for
dropping out and the lack of control. We kept the procedure short and implemented
several mechanisms to remind the participant to follow the instructions and also logged
the user progress. Nevertheless, it's hardly possible to account for confounding factors
such as situational aspects or technological problems. We wish to show the potential of
the DST to be applicable in various contexts and thus, gathering vastly more diverse data.
For the upcoming online study, we plan to include the contexts into the stress reactivity
analysis and also evaluate the video and sound recordings more specifically.

As discussed in Norden, Hofmann, et al. (2022), a larger portion of DST participants
dropped out in the beginning which might be due to the video recording framing or
technological problems with the camera. Even if the participants knew that the recordings
would not be saved, privacy concerns might have led to the dropouts (Shore, 2022).
High standards of data protection, a clear communication to the participants, an active
consent and the possibility to withdraw with complete data deletion at any time are crucial,
especially when dealing with personal and potentially identifiable data such as videos
(American Psychological Association, 2017). Therefore, we already worked on the
previous DST and C-DST applications and included several aspects after the initial
publication: First, participants get briefly informed within the app as in the previous version
but now need to download an additional information, consent and data protection sheet.
Afterwards they have to actively confirm that they’ve read and understood the information
before they can continue with the procedure. Secondly, we implemented a clearly visible
‘cancel button” that allows for cancellation at any time. When pressing the button,
participants are asked to confirm their cancellation and can decide if data obtained so far
might still be used for the study. While the default is that all data is deleted, they can still
decide that the data (questionnaires, age, gender, meta data) including or excluding
videos will be saved. Afterwards, they get directly linked to the debriefing page. If
participants cancel the study by closing the browser, no data is permanently stored. The
participants have to actively confirm the submission of data at the end of the study. An
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individual code is displayed to the participants and they get informed that they can contact
the study team for requesting insight into or deletion of their data.

The whole procedure was already reviewed by the ethics committee and data protection
office of Bielefeld University.

4.2 Limitations

The study presented in Norden, Hofmann et al. (2022) clearly illustrated the feasibility of
an automated online stress induction procedure. While the participants’ subjective stress
significantly increased throughout the procedure, the influence on physiological stress
reactivity is still not clear. Addressing subjectively perceived stress during daily life plays
an important role for the individual quality of life and mental well-being. Physiological
stress responses have been clearly associated with long-term consequences for cardiac,
metabolic and mental health (Yaribeygi et al., 2017). Therefore, targeting both
physiological and subjective stress reactivity, would be of high value for preventive care.
Even if there are some studies indicating a correlation of subjective and physiological
stress levels (Rimmele et al., 2007; Schlotz et al., 2008), the results are not conclusive.
Thus, the DST should be validated separately for the induction of acute physiological
stress responses. This would open up even more possibilities for the stress research
community due to the easy and scalable applicability in different settings, cohorts and
contexts (Kirschbaum, 2021).

We already prepared, piloted and started a laboratory study for the validation of the DST.
The protocol for this study has been published on an open science online platform
(Norden, Mayer, et al., 2022). The procedure of the study is summarized in Figure 5. We
compare subjective, observer-rated and physiological stress responses of participants
undergoing the DST and TSST on separate days in a randomized within-participant
design. Next to measuring several aspects of the physiological stress reaction, including
parameters of the HPA-axis (i.e., salivary cortisol), the sympathetic-adreno-
medullar (i.e., salivary alpha amylase) and related circulatory system (i.e., heart rate,
blood pressure, breathing rate), participants get filmed during the experiments. Further
we already prepared and received an ethical approval for an additional between-subject
study with a similar design comparing stress responses to the DST and C-DST. In this
study, also the influence of the DST on short-term cognitive functioning will be analyzed.
The planned procedure is outlined in Figure 6.
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Figure 5. Detailed study design for the pre-registered follow-up validation study of the DST taken
from the updated pre-registration (Norden, Mayer, et al., 2022). Upper and lower row display the
study procedure including general timeline, measurements and measurement time points on
TSST and DST day respectively.
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Figure 6. Unpublished study design for the additionally planned follow-up validation study of the
DST. Upper and lower row display the study procedure including general timeline, measurements
and measurement time points of the C-DST and DST experiments in a between-participant design

respectively.
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We expect significant increases in stress indices for the DST and TSST but not C-DST
experiments. We plan to use the videos of all experiments to develop and improve stress
detection algorithms.

The ability to gather stress-related non-verbal behavior in videos online has not been
evaluated in the published study as the purpose of this study was evaluating the stress
induction potential of the DST. Further, the DST was applied on smartphones and tablets
exclusively. While this allowed for showing the potential of conducting stress experiments
without further equipment, we now also developed a responsive desktop version. There-
fore, workplace related experiments can be performed and less movement-sensitive vid-
eos recorded. Evaluating the quality of the online gathered video recordings and evaluat-
ing standard feature extraction methods will be one of the first steps in the planned online

study.

4.3 Future Research

Some directions of future research with the DST have already been outlined. These
include the improvement of the stress induction procedure by evaluating newer versions
of the DST, validating the DST for physiological stress induction in two laboratory studies,
and the additional online study for collecting a large and representative stress video
dataset. A main focus for the next project steps will be using the videos of the currently
on-going laboratory studies and future videos from the outlined online study for
developing multimodal stress detection algorithms.

As published in Norden, Wolf, et al. (2022), we already developed baseline algorithms for
detecting different dimensions of stress in videos of the Trier Social Stress Test. We
analyzed videos of 40 TSST participants regarding subjectively perceived, live observer-
rated, post-hoc video-annotated and biological stress levels and evaluated how the
choice of the stress label is influencing classical machine learning models’ performances.
We could show that the machine learning models trained on different stress assessments
using facial or voice characteristics perform differently and should be interpreted and
applied accordingly. In line with previous works on video-based stress detection methods,
the necessity of bigger and representative datasets for developing such models became
clear. Therefore, we aim to leverage the scalability and easy application of the DST to

collect a video dataset of participants with different ages, languages, educations and
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cultural backgrounds, in various contexts, and combine it with measurements of different
dimensions of stress.

Next to developing and implementing the stress detection algorithms with the collected
data, we aim to share the DST as an easy-to-use and scalable research tool across the
community. After publishing the DST, we already received several requests for using the
DST in different projects. While we intentionally published the code for interested
researchers to set up and adapt the web applications for their own purposes, we also
support other groups regarding ethical considerations, development and secure data
collection. Currently, we are conducting a project with the University Wirzburg and we
expect more collaborations in the near future.

On the one hand, the DST might well serve as the induction tool presented in this thesis
and therefore be included in any kind of study that wishes to implement a stress condition.
On the other hand, one vision for the DST combined with the respective future stress
detection algorithms is also to make it an objective stress reactivity and resilience test.
Such future DST might help to recognize stressful times even when users are not aware
of it and support preventive strategies. It might then also assist individuals to learn what

triggers their stress reaction and how to cope with it best.

4.4 Ethical Considerations

As many of our studies involve stress induction procedures and/or the collection of
personal and highly sensitive (health related) data, | consider ethical thinking as one core
value for this research. Firstly, all studies described in this thesis, regardless of whether
they are already finished, currently on-going or outlined, have been thoroughly discussed
and prepared together with the ethics committee of University of Potsdam (applications
33/2020, 90/2020), Ruhr University Bochum or Bielefeld University (applications 2021-
209, 2022-024). Regarding privacy and data protection, we consulted the competence
center for research data of Bielefeld University and implemented several security
measures with the help of the technical support team of the Faculty of Technology. Still,
working in the fast-paced and constantly changing field of computer science, particularly
when handling sensitive participant data related to health, might lead to potentially harm-
ful consequences. While the potentials and applications of video-based stress detection
methods are clear, these algorithms could potentially be used to analyze videos without

prior consent or knowledge of individuals, for example in the case of surveillance.
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Sensitive mental health information might be misused to discriminate against individuals,
such as at the workplace or in the case of insurance coverage.

The accuracy of such methods is impacted by a range of factors, including cultural
differences (Mehrabi et al., 2021) and the correctness of the underlying ground truths
(Aigrain et al., 2018; Norden, Wolf, et al., 2022) in the development dataset. It is essential
to ensure that these technologies are accurate, reliable, and sensitive for different groups
of users. Therefore, the algorithms should be used with caution and (re-)evaluated for
specific use cases before applying them.

5 Conclusion

In this project, we not only conceptualized and developed first prototypes of a
standardized, fully automated and remotely feasible stress induction paradigm and a
control version but also evaluated their potential in a large online study. We could show
that the web applications can be used on smartphones without experimenter contact or
needing further equipment and still induce psychosocial stress. The applications and their
code have been made publicly available and researchers are invited to use this novel
approach of conducting basic and clinical stress research.

Going beyond the publication, current and future improvements of the prototypes as well
as further laboratory validation studies that follow up on the published work have been
described. Moreover, in this thesis, the DST is set into the broader context of developing
video-bas ed stress detection methods. Therefore, baseline machine learning
approaches tested in an additional study are considered and ethical implications
discussed. With the tools and the research described in this thesis, | aim to contribute to
an unbiased, ethically thinking and open access way of conducting stress research in the
intersection of psychology and computer science.
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Abstract

Background: Valuable insights into the pathophysiology and consequences of acute psychosocial stress have been gained using
standardized stress induction experiments. However, most protocols are limited to laboratory settings, are labor-intensive, and
cannot be scaled to larger cohorts or transferred to daily life scenarios.

Objective: We aimed to provide a scalable digital tool that enables the standardized induction and recording of acute stress
responses in outside-the-laboratory settings without any experimenter contact.

Methods: On the basis of well-described stress protocols, we developed the Digital Stress Test (DST) and evaluated its feasibility
and stress induction potential in a large web-based study. A total of 284 participants completed either the DST (n=103; 52/103,
50.5% women; mean age 31.34, SD 9.48 years) or an adapted control version (n=181; 96/181, 53% women; mean age 31.51, SD
11.18 years) with their smartphones via a web application. We compared their affective responses using the international Positive
and Negative Affect Schedule Short Form before and after stress induction. In addition, we assessed the participants’ stress-related
feelings indicated in visual analogue scales before, during, and after the procedure, and further analyzed the implemented
stress-inducing elements. Finally, we compared the DST participants’ stress reactivity with the results obtained in a classic stress
test paradigm using data previously collected in 4 independent Trier Social Stress Test studies including 122 participants overall.
Results: Participants in the DST manifested significantly higher perceived stress indexes than the Control-DST participants at
all measurements after the baseline (P<.001). Furthermore, the effect size of the increase in DST participants’ negative affect
(d=0.427) lay within the range of effect sizes for the increase in negative affect in the previously conducted Trier Social Stress
Test experiments (0.281-1.015).

Conclusions: We present evidence that a digital stress paradigm administered by smartphone can be used for standardized stress
induction and multimodal data collection on a large scale. Further development of the DST prototype and a subsequent validation
study including physiological markers are outlined.

(J Med Internet Res 2022;24(7):€32280) doi: 10.2196/32280
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Introduction

Relevance and Rationale

Psychosocial stress is a major risk factor for the development
of physical and mental illnesses, including hypertension,
depression, and anxiety [1]. Valuable insights into its causes
and consequences have been gained through experimental stress
paradigms during which acute stressors are used to induce a
psychosocial stress reaction. For example, such stress induction
paradigms have been successfully used to investigate the effects
of acute stress on the brain [2], hormonal and inflammatory
reactivity [3], memory [4], and social cognition and behavior

[5].

Applying controlled stress induction paradigms also enables
the investigation of prevention and intervention strategies. For
example, in a recent study, Het et al [6] used a classic stress
paradigm to study the effects of an inpatient treatment on acute
stress reactivity in women with eating disorders. In addition,
controlled stress induction procedures play an important role
in the development of objective stress detection methods [7,8]
as they strongly rely on highly qualitative and representative
data sets obtained through stress induction experiments [9].

Current Stress Paradigms and Their Limitations

Currently, most stress induction paradigms are limited in their
scalability (ie, applicable across a large number of participants
and distances) and, thus, cannot be easily used to gather large
volumes of stress-related data. Furthermore, many of these have
not been replicated outside the laboratory to verify the laboratory
findings in outside-the-laboratory settings [10]. To overcome
these limitations, a new standardized and validated stress
induction paradigm is needed.

The Trier Social Stress Test (TSST) [11] is considered the gold
standard in human experimental stress research, having been
applied >4000 times including different populations and age
groups [12]. Participants have to complete a 5-minute mock job
interview and a 5-minute mental arithmetic task in front of an
evaluating committee. This procedure requires a laboratory
setup, an experimenter, and 2 actors playing the committee,
making the TSST costly and unfeasible for large-scale
application. In addition, the impact of the different
methodological elements (eg, panel composition) on the stress
reaction and the relatively small sample sizes complicate the
reproducibility of the findings [13-15]. Furthermore, the
experimental setting might lead to stress responses that differ
from acute stress experienced in daily life.

Several adaptations have been made to provide less costly and
laborious versions, but they still require human resources (eg,
TSST for groups) or additional equipment (eg, virtual reality
TSST or e-TSST) and have not been tested in nonlaboratory
settings. Recently, 2 studies applied a web-based version of the
TSST during which adolescent [16] or adult [17] participants
joined judges and experimenters on a web-based
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videoconferencing platform without any in-person assessment.
The responses to these web-delivered versions were consistent
with standard in-person responses although the paradigm was
conducted remotely. This highlights the possibility of assessing
stress reactivity outside a research laboratory. However, the
entire procedure still depends on live interactions between the
committee, the participant, and the experimenter.

Stressors that enable the investigation of stress responses without
direct experimenter contact have been developed for imaging
scenarios [18]. Using their Imaging Paradigm for Evaluative
Social Stress, Fehlner et al [19] showed that delivering short
spoken answers to selected topics in front of a prerecorded
audience and additional framings induced robust stress
responses. This indicates that psychosocial stress can also be
induced by making the participants believe they are exposed to
some kind of social evaluation without direct experimenter
interaction.

The Montreal Imaging Stress Task (MIST) [20] supports this
assumption. It comprises computerized mental arithmetic tasks
with an induced failure component and social pressure elements.
However, these paradigms have only been tested within imaging
laboratory settings where experimenters were still present and
performed potentially stressful measurements. Thus, the stress
induction might be influenced by the imaging setting and the
experimenter’s role during the procedure.

Many other well-described stress paradigms (eg, the CO2
challenge test and the socially evaluated cold pressor test [21])
are dependent on laboratory settings, build on physical stressors,
and require human resources or additional equipment [22]. Other
paradigms (eg, the Paced Auditory Serial Addition Task [23]
and Stroop test [24]) would theoretically be applicable outside
the laboratory but lack the possibility to collect multimodal
behavior data (eg, facial expressions and voice recordings) of
the stress response. To the best of our knowledge, there is
currently no standardized and validated digital stress paradigm
that can be carried out without an experimenter and collect
multimodal video data of participants in stressed conditions.
Therefore, we conceptualized and developed a completely digital
stress test to address the need for an innovative, standardized,
and validated stress induction protocol.

Digital Stress Test

The Digital Stress Test (DST) is primarily intended as a digital
research tool. Importantly, we did not aim to develop a direct
stress measurement or therapeutic tool. Instead, the DST enables
researchers to gain additional insights into acute stress responses
by making stress studies scalable and transferable to
outside-the-laboratory settings and collecting stress-relevant
video data at the same time. Thus, the DST is designed as an
easy-to-use smartphone web application where participants
conduct the study (via the internet) without any direct
communication with researchers or additional resources required
(ie, wearables or native app downloads).
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It combines different well-known stress induction principles of
classic stress paradigms and adapts them to a digital setting.
According to a meta-analysis of psychological stress paradigms
by Dickerson and Kemeny [25], a robust and reliable stress
response can be induced by acute or chronic threats to social
status, particularly when conditions are uncontrollable. Most
likely, this would occur when failure or poor performance could
reveal a lack of ability. Both principles have been proven
effective in state-of-the-art stress paradigms and will be used
as the basis for the digital stress induction paradigm.

Second, the DST aims to collect multimodal behavior data (ie,
facial and voice cues) that can be used to build a basic data set
for further (machine learning) analysis. Therefore, the embedded
stress induction procedure will include a naturalistic speaking
part (ie, comparable with daily speaking).

Objectives and Hypotheses

The aim of this study was to develop the first prototype of a
DST web application and assess its feasibility as well as its
stress induction potential. Therefore, we also provided a neutral
version called the Control-DST (C-DST) that can be used
similarly in web-based settings. We hypothesized that the DST
would elicit a stronger stress response compared with the neutral
condition. In addition, we placed our results in the context of
previous studies conducting the gold-standard paradigm (TSST).

This paper is organized as follows: in the Methods section, we
describe the concept and development of the DST and its control
version. Furthermore, we provide details of the large-scale
web-based study conducted to evaluate the feasibility and stress

Norden et al

induction potential of the DST. In the Results section, we present
statistical evidence for the stress induction potential of the DST.
Finally, in the Discussion section, we discuss our results and
potential limitations in light of previous work and outline plans
for future research.

Methods

Concept and Development of the DST

We first describe the underlying stress induction paradigm as
well as its adaptation for the development of a suitable control
condition. We include illustrations of the first DST and C-DST
prototypes and outline the technological aspects. Before starting
the web-based evaluation study, we conducted a pilot study to
finalize the prototypes based on participants’ feedback.

Concept of the DST

Overview

The paradigm consists of an arithmetic calculation and a free
speech part and is framed as a cognitive-verbal performance
test. Screenshots of the DST and its control condition are shown
in Figure 1. The complete web application procedures can be
seen in Multimedia Appendices 1 and 2. Presentation versions
of the most recent DST and C-DST without any data saving can
be found at their respective websites [26,27].

To elicit a robust acute psychosocial stress reaction, the DST
procedure comprises multiple elements of social-evaluative
threat and uncontrollability [11,25].

Figure 1. Screenshots of the Digital Stress Test (blue boxes) and Control - Digital Stress Test (orange boxes) tasks. The left box illustrates the Math-Task
in each version, and the right box shows the preparation and presentation parts of the respective Speech-Task.
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Framing

The DST is introduced as a research tool for “behavior analysis
while performing a cognitive-verbal performance test,”
indicating that the individual performance of the participant is
tested. To further increase the social-evaluative threat, they are
informed that they will be recorded through the front camera
of their smartphones and that these recordings are being
analyzed to assess their individual resilience.

The participants record a short test video that claims to calibrate
the implemented algorithm and shall increase the credibility of
the automated behavior analysis.
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Positive Speech-Task

Easy Math-Task

The cognitive task is framed as a simple calculation task that a
fake comparison group (based on age and gender) apparently
solved with an average of 75% correct answers. This intends to
emphasize the expected results and introduce the participants
to the permanent social comparison in the upcoming calculation
task, as done in the MIST [20].

Arithmetic Calculation Task (Math-Task)

The task comprises elements of the MIST [20] protocol adapted
to the smartphone setting and enhanced with several other
stress-inducing elements. After a countdown, the participants
are required to solve simple calculation tasks consisting of
addition, subtraction, multiplication, and division of 2 numbers
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ranging from 1 to 99 with solutions ranging from 1 to 99. The
participants need to type their solution on a number field within
the given time limit. If the response is wrong or no response is
recorded within the time limit, negative feedback is presented
(“Wrong answer!” or “Too slow!”) and the background color
changes to red. After a correct response, the next calculation
task is presented immediately. The time limit for each
calculation is marked using a red expiring progress bar.

A continuous failure rate is being provoked. For the first task,
the time limit is set to 3 seconds. If the participant answers a
series of 3 consecutive arithmetic tasks correctly, the time limit
is shortened by 10%. In addition, for the following 4 tasks, the
numbers of the input field are swapped randomly to increase
the difficulty and uncontrollability. If the participant answers
a series of 3 consecutive tasks incorrectly (or not at all), the
time limit is extended by 10%. If the participant does not give
any input for 5 consecutive tasks, feedback indicating the
relevance of the study is displayed, and the next task is chosen
to be easily solvable (ie, a summation task). This intends to
ensure ongoing participation.

During the Math-Task, the percentage of correct responses is
continuously displayed and compared with the fixed average
of the participants’ age- and gender-related groups in a bar chart.
As the achieved percentage of correct answers in the comparison
group was claimed to be 75%, which usually exceeds the current
percentage of the participant because of the implemented
difficulty, this continually reminds the participant of failing.

In addition, the front camera of the smartphone is activated, and
the recorded video is displayed directly on the upper half of the
screen during the entire Math-Task. This intends to remind the
participants that they are being recorded and apparently analyzed
while failing in a school-like performance task.

The participants do not know how long the Math-Task takes to
increase a feeling of uncontrollability. After 1.5 minutes, the
Math-Task automatically stops. The participants see their final
percentage of correct answers compared with the fabricated
age- and gender-related average and are reminded that “only
serious results can be used for this study,” emphasizing the
relevance of the participants’ performance.

Free Speech Task (Speech-Task)

The second part is the Speech-Task, which further extends the
social-evaluative threat through a presentation-like situation
and enables the recording of stress-relevant voice cues. The
participants are reminded that their verbal skills will be assessed.
They are instructed to prepare structured and convincing verbal
answers to standard job interview questions. They are not told
how many questions will follow, making the length of this task
unpredictable.

The Speech-Task includes 3 inconvenient answering scenarios
(eg, “Describe a situation when you’ve been criticized by
someone!”) that are based on a previous study by Fehlner et al
[19]. For each scenario, they are given 10 seconds to prepare
and 20 seconds to present their speech. The participants are
reminded to use the entire time for their presentation.
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A countdown indicates the time for preparation and presentation,
intending to pressure the participants. During their presentations,
the background color of the entire screen blinks red to visually
distract and agitate the participants.

The smartphone’s front camera is activated, and the recorded
video is displayed on the upper half of the screen during the
preparation and presentation periods. In addition, a voice
visualization is included in the presentation parts. After 1 second
without recorded noise input signal, the participant is reminded
to keep on talking, increasing the credibility of the behavior
analysis and pressuring the participants, as done by the
experimenters in the TSST paradigm [11,13].

Concept of the C-DST

Overview

We also developed a control version of the DST that resembles
its structure and procedure but differs in terms of the stress
induction elements (Figure 1, right side). We changed the tasks
and framings to be less stressful, as done for the placebo TSST
[28] and friendly TSST [29]. The provided information on the
study’s background, privacy, and data protection aspects, as
well as the performance task framing in the beginning, remains
exactly the same to have a comparable baseline. The differences
are outlined in the following sections.

Friendly Framing

The participants are informed that they are part of a control
group and that they will not be video recorded. No recording
of a test video or any additional framing of an automated
behavior analysis takes place. The participants are not told that
their individual performance results will be compared with those
of other participants, and no fictive average result scores are
displayed.

Easy Math-Task

The calculation tasks in the C-DST are generated in the same
way as in the DST but only with summation tasks. The time
limit for the first task is set to 5 seconds. The time adaptation
algorithm is designed to enable more correct responses—as
soon as the participant answers 1 task incorrectly (or not at all),
the time limit is extended by 10%.

Only if the participant answers a series of 4 consecutive tasks
correctly the time limit is shortened by 10%. In contrast to the
DST, the numbers of the input field are not swapped for the
following task.

The provided feedback is chosen to be encouraging (ie, the
screen color changes to green for correct answers and does not
change for wrong answers). The time limit is marked using a
green progress bar. Neither a fake comparison with other
participants’ results nor any live recording through the front
camera is displayed.

Positive Speech-Task

As opposed to the DST Speech-Task, the positive Speech-Task
is not introduced as an assessment of the participants’ verbal
skills. The answering scenarios include only neutral topics (eg,
“Which season do you like best? Please describe any activities
you enjoy doing during this time of the year!”).
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Instead of displaying the live-recorded video of the front camera
on the upper half of the screen, a neutral image suiting the
question is shown. No further distraction through a red blinking
background takes place, and the colors are chosen to be calming.

Technological Aspects

The system architecture of the applications is shown in Figure
2. The DST and C-DST were developed as single-page web
applications using the JavaScript framework React.js. The source
code of the most recent versions is publicly accessible at the
website [30]. The applications run on standard browsers and
are hosted on a university server that allows for public IP access
using the open-source study management system JATOS [31]
within a Docker container. JATOS exposes a public application
programming interface (API) that is called with a wrapper
library and handles requests from a participant’s browser (eg,
fetch and upload data). In addition, it provides a management
API to handle requests from the experimenter’s browser via the
JATOS graphical user interface. More detailed information on
the JATOS architecture can be found in the study by Lange et
al [31].

Norden et al

In this study, only fully anonymized data were collected. We
disabled the recording of videos but only streamed them within
the participant’s smartphone browser as the focus of this study
was testing and validating the digital stress induction procedure.
Owing to the capability and future plans to also collect sensitive
and potentially identifiable video data, we implemented several
security measures.

Nginx (Nginx, Inc) is used on the publicly reachable university
server to ensure Secure Sockets Layer encryption, and it only
responds to https requests for calls to both the public and
management JATOS APIs. Participant data are only temporarily
stored on the web server and directly transferred to a secure
storage server via secure copy protocol after the test ends. All
(remaining) data are deleted automatically from the web server
in short time intervals. We have already received ethics approval
for our data storage concept. For the future, we also plan to
implement a client-side encryption of participant data files that
takes place already within the web applications and can only
be decrypted using private keys from the secure storage server.

Figure 2. System architecture of the test applications. The Digital Stress Test and Control - Digital Stress Test work as single-page web applications
within the participant's smartphone browser (left side). The single-page applications are hosted on an web-based reachable university server (center)
using the open-source web study management system JATOS [28] within a Docker container. API: application programming interface; GUI: graphical
user interface; SCP: secure copy protocol; SSL: secure socket layer; TLS: transport layer security.
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Pilot Study

We conducted a pilot study with 49 participants performing
either the DST (21/49, 43%) or the C-DST (28/49, 57%) web
application. On the basis of their feedback, we adjusted major
usability issues that were caused by different browsers and
smartphones and fixed technological bugs. We aimed for a
comprehensive study introduction and consenting and debriefing
information and modified the wording accordingly.

Evaluation of the DST

To assess the feasibility and stress induction potential of the
DST, we first conducted a large web-based study. Participants
in this web-based study performed either the DST or the C-DST
and filled out several questionnaires regarding their affective
responses. The effect sizes of the affective changes indicated
by the DST participants in this web-based study were then
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compared with results obtained in previous studies performing
the laboratory gold-standard paradigm (TSST).

Participants and Recruitment for the Web-Based Study

Overview

Participants were recruited via web-based publication of the
study link in the university and study participation mailing lists,
social networks (eg, Twitter and Facebook), podcasts, and
websites. The study was conducted for 2 weeks, from February
10 to February 24, 2021. Within this period, 547 participants
performed either the DST (300/547, 54.8%) or C-DST (247/547,
45.2%). For the evaluation of subjective stress parameters, we
excluded participants with incomplete tests (229/547, 41.9%),
previous self-reported knowledge of the framing (13/547,2.4%),
self-reported usability issues (19/547, 3.5%), or unrealistic
procedure duration (2/547,0.4%).
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Web-Based Study Procedure

The design of the web-based study is shown in Figure 3. The
entire procedure takes place on the screen of the participants’
smartphones and takes approximately 5 to 10 minutes. Using
the provided study link, the participants were randomly
forwarded to either the stress or control paradigm. We adjusted
the randomization algorithm to prefer the DST when we
analyzed the dropout rates after the first week. However, most
participants (479/547, 87.6%) performed the study within the
first week because of the publication in a widespread German
politics podcast.

Norden et al

During the pretest part of the web application, the participants
were introduced to the study background, upcoming procedure,
and privacy and data protection aspects. Assessments of the
perceived stress level took place before, between, and after the
2 tasks using built-in questionnaires.

After completing both tasks, the participants were debriefed
and linked to additional usability and follow-up questionnaires
on an external website [32]. The participants could quit the
study at any time (eg, by closing the browser).

Figure 3. Web-based study design, drop-outs, and collected data. The participants are randomly assigned to either the Digital Stress Test (blue boxes)
or Control - Digital Stress Test (orange boxes) web application using the provided study link. The participants answer the same questionnaires within
the respective web application and additional questionnaires on an external website afterward. I-PANAS-SF: international Positive and Negative Affect

Schedule Short Form; VAS: Visual Analogue Scale.
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Web-Based Study Data Collection

General demographic information, including age and gender,
was obtained in the first part of the session. In addition, previous
participation was asked about to exclude duplicated results with
previous knowledge and confounding factors.

To assess the perceived stress levels, the participants completed
several self-report questionnaires (Textbox 1).

To further compare the feasibility of the 2 paradigms, several
pieces of metadata were stored during the procedure. This
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included the performance during the Math-Task and the study
progress (ie, how much time the participants spent on different
parts of the application and at which part they cancelled).

The participants were linked to additional questionnaires at the
end of the web application. These included several questions
on usability aspects (eg, problems with the correct camera and
problems with the Visual Analogue Scale [VAS]) as well as the
opportunity to provide open feedback. Furthermore, we asked
the participants to rate their perceived stress regarding specific
parts of the applications on a VAS.
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Textbox 1. In-app self-report questionnaires completed by the participants.

Norden et al

Self-report questionnaires

o The international short form of the Positive and Negative Affect Schedule (PANAS) [33] was applied to assess positive and negative affect in
the beginning (baseline) and after solving both tasks (posttest assessment). The PANAS is a well-validated and reliable tool to assess the
participants’ mood that has been applied in various studies on mood changes [34]. The participants indicate the intensity of 10 feelings and
emotions on a 5-point Likert scale. The items can be subdivided into negative affect (NA; consisting of 5 items) and positive affect (PA; consisting
of 5 items). We used the mean scores for both affects and normalized them for the number of items (ie, PA and NA outcomes ranging from 1 to

5 for each time point).

e Visual Analogue Scales (VAS) regarding 4 different dimensions of stress (feeling stressed, frustrated, overstrained, and ashamed) were obtained
in the beginning, between the 2 tasks, and in the end. The VAS is a common instrument to measure characteristics that cannot be easily measured
directly and is often used for pain, stress, or other subjective experiences [35]. The participants indicate how much they are perceiving specific
feelings at the current moment by choosing a point on a fixed-size horizontal line where the ends are defined as the extremes (eg, not at all and
very much). The VAS score is then determined by measuring the relative distance from the left end of the line to the participants’ chosen point.

External Evaluation With the TSST

Data from 122 participants who underwent the traditional TSST
procedure were previously collected at Ruhr University Bochum
in 4 independent studies [34,36-38]. The procedures included
assessments of the affective responses using the Positive and
Negative Affect Schedule (PANAS). We used the archived data
and compared the effects of the TSST on the participants’
affective responses with the responses indicated by the DST
participants in this study.

Statistical Analysis

Statistical analysis was performed using Python 3.7 (Python
Software Foundation) with the pandas, statsmodels, and
pingouin libraries. We assessed the distributions for normality
and homogeneity of variances using Shapiro-Wilk and Levene
tests, respectively. The participants’ affective responses were
analyzed using mixed-model ANOVAs for repeated
measurements with the factor time (baseline and after for the
PANAS:; baseline, intermediate, and after for the VAS) and the
between-subject factor group (DST group vs C-DST group)
separately for the PANAS and VAS scales. Owing to their
robustness against deviations from the normality assumption
[39], we also used ANOVAs for nonnormally distributed data.
Greenhouse-Geisser corrections for df were applied where
sphericity could not be assumed. Post hoc tests were performed
using Bonferroni-adjusted Welch 7 test for different sample
sizes and nonhomogeneity of variances [40].

To further analyze the DST parts regarding their stress induction
potential, we calculated the mean VAS scores for every part of
the DST or C-DST evaluated in the posttest questionnaire and
descriptively ranked them.

To compare the affective responses of the participants
performing the DST with those of the participants who
underwent the TSST in previous studies, we analyzed the
normalized scores for the PANAS positive and negative affect
subscales using a 2-step meta-analysis. Therefore, we first
performed paired ¢ tests on the normalized pre- and post-PANAS
scores for each of the TSST studies separately and calculated
standardized effect sizes. Afterward, we computed a combined
effect size for all TSST studies by assigning weights based on
the inverse of the change score variance to the individual effect
sizes of the respective studies [41] and compared it with the
standardized effect size observed in DST participants.
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In all analyses reported, we used 2-tailed comparisons with a
P value of <.05 as the significance criterion. The effect size was

reported using partial > for ANOVA and Cohen d, for paired
t tests [42].

Ethics Approval

Ethics approval for the study was granted by the University of
Potsdam (application 33/2020), and the study was conducted
in accordance with the General Data Protection Regulation. As
this web-based study was conducted without experimenter
supervision, special care was taken to ensure General Data
Protection Regulation— and ethics-compliant informed consent,
debriefing, and study cancellation process.

Results

Participants and Dropouts

Overall, 103 individuals completed the DST (50/103, 48.5%
men; 52/103, 50.5% women; and 1/103, 1% other; mean age
31.34,SD 9.48 years), and 181 individuals completed the C-DST
(83/181, 45.9% men, 96/181, 53% women, and 2/181, 1.1%
other; mean age 31.51, SD 11.18 years). Most participants had
a high level of education in both the DST (65/102, 63.7% had
a university degree and 33/102, 32.4% had a high school degree)
and C-DST groups (112/175, 64% had a university degree and
52/175,29.7% had a high school degree). More details on the
study participants’ ages and educational backgrounds can be
found in Figures S1 and S2 in Multimedia Appendix 3.

The average time taken to complete the procedure was 7.69 (SD
1.35) minutes for the DST and 6.53 (SD 1.05) minutes for the
C-DST. Most participants (263/284, 92.6%) did not report any
usability issues.

Beyond the completed studies, 247 individuals started the study
but dropped out. For the C-DST, 83.4% (206/247) of the initial
participants completed the procedure, whereas 37.3% (112/300)
completed the DST paradigm. The dropout rates at different
time points during the procedure are shown in Figure 3. Most
DST participants who did not finish the study had already
dropped out before starting the Math-Task. Participants who
did not complete the study were not included in the following
analyses.
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DST Versus C-DST

The DST and C-DST participants’ affective responses indicated
in the PANAS questionnaires are shown in Figure 4. We found
a significant main effect for the factor group (F ,4,=5.83; P=.02;

n[,2:0 .02) accompanied by a significant groupxtime interaction

effect (F| 55,=31.37; P<.001; 1’=0.10) in the PANAS negative
affect subscale. Post hoc analyses for the group effect showed
that the participants’ overall reported negative affect was higher
in the DST (mean 1.70, SD 0.55) than in the C-DST (mean 1.54,
SD 0.57) group (P<.001). Post hoc tests for the groupxtime
interaction effect revealed that the participants’ indicated
negative affect did not significantly differ between the DST
(mean 1.57,SD 0.56) and C-DST (mean 1.58, SD 0.58) groups
in the baseline measurements (P=.99) but was significantly
higher in the posttest assessments for DST (mean 1.84,SD 0.7)
than for C-DST (mean 1.49, SD 0.64) participants (P<.001).

Conducting separate mixed-model ANOVAs for the
participants’ indicated positive affect, we did not find significant
group (P=.40) or groupxtime interaction (P=.51) effects, but
we did find a significant time effect (F),3,=0.43; P<.001;
np2:0.002). The post hoc analysis showed that, overall,
perceived positive affect increased in study participants

Norden et al

(baseline: 3.02 —0.65 to +0.65; after the procedure: 3.34 —-0.76
to +0.76; P<.001).

The participants’ responses to the 4 different VASs are shown
in Figure 5. Regarding the stress scale, mixed-model ANOVAs
revealed significant main effects for the factors group
(Fy28,=14.42; P<.001; nl,z:0.0S) and time (F,s6=75.11;
P<.001; np2=0.21) that were moderated by a significant

groupxtime interaction effect (F, 5¢4=14.28; P<.001; np2:0 05).
Post hoc analyses for the group effect revealed that overall
reported stress responses were higher for the DST (mean 42.39,
SD 20.87) than for the C-DST (mean 32.79, SD 20.27)
participants (P<.001). Post hoc tests for the time effect showed
that participants’ perceived stress significantly increased over
the Math-Task (baseline: 32.92 —25 48 to +25.48; intermediate:
46.76 -26.01 to +26.01; P<.001) and decreased over the
Speech-Task (intermediate: 46.76 —26.01 to +26.01; after the
procedure: 29.15 —25.96 to +25.96; P<.001). Analyzing the
groupxtime interaction, the participants’ indicated VAS scores
were significantly higher in the DST group than in the C-DST
group at all time points after the baseline measurements (P<.001
in all cases). Furthermore, we found very similar patterns for
the 3 other stress-related attributes (frustration, shame, and
overstrain) conducting separate mixed-model ANOVAs and
post hoc tests (Multimedia Appendix 4).

Figure 4. Negative (A) and positive (B) affect indicated in the Positive and Negative Affect Schedule (PANAS) subscales at baseline and posttest
assessments for each participant in the Digital Stress Test (blue) and Control - Digital Stress Test (orange). A significant interaction between time and
group was found for the negative but not the positive affect subscale. Digital Stress Test participants' negative affect was significantly higher at post-test
assessment than Control - Digital Stress Test participants' negative affect (**P<.001 in post hoc Welch ¢ test), whereas baseline scores did not significantly
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Figure 5. Visual Analogue Scale (VAS) responses for 4 different stress-related affect dimensions (A-D) of the Digital Stress Test (blue) and Control
- Digital Stress Test (orange) groups at different times during the procedure. A significant interaction between time and group was found for all VAS
scores. Subjective stress indexes were significantly elevated in the Digital Stress Test group compared with the Control Digital Stress test group at all
time points after the baseline measurements (**P<.001 in post hoc Welch ¢ test).
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Analysis of Stress Elements

The results of the poststudy stress perception questionnaire are
summarized in Table 1. According to the participants, the
Math-Task was the most stressful element of the DST when
compared with the framings in the beginning and with the
Speech-Task.
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Regarding the 2 tasks, the participants indicated the highest
stress perception for the time pressure, whereas the
social-evaluative component of being recorded through the front
camera was not perceived as that stressful. Regarding the
Math-Task, randomly swapping the input field after having
correctly solved 3 calculation tasks seemed to induce a high
level of perceived stress in the DST participants. Participants
of the C-DST also rated the Math-Task and the implemented
time limits as the most stressful elements of this version.
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Table 1. Different parts of the Digital Stress Test (DST) and Control-Digital Stress Test (C-DST) and perceived stress levels sorted from highest to

lowest indicating stress experience for each part of the DST paradigm.

Element in DST and C-DST and subcategory

Perceived stress—DST feedback (VAS?),

Perceived stress—C-DST feedback (VAS), mean
SD

mean (SD)

Framing
Participation in a performance test 654 (23.8) 46.7 (25.2)
Behavior analysis through algorithm 40.6 (27.5) N/AP

Math-Task (overall) 779 (18.4) 63.6 (23.7)
Time limit 88.8 (13.5) 733 (21.7)
Random input field swap 88.6 (15.6) N/A
Feedback after every calculation task 67.3(24.0) 40.8 (27.8)
Task difficulty 62.8 (26.3) 42.4(23.0)
Live comparison with other participants 59.8 (28.5) N/A
Personal performance 58.0 (29.0) 294 (22.3)
Front camera activation 39.7 (28.6) N/A

Speech-Task (overall) 46.2 (23.3) 25.5(19.6)
Preparation periods 45.5(25.8) 19.6 (22.4)
Time limits 45.1(27.3) 22.6 (24.8)
Questions 43.6 (23.8) 20.2 (22.7)
Front camera activation 37.1(25.9) N/A
Audio visualization of the voice 30.2(24.2) 18.0 (21.8)

4VAS: Visual Analogue Scale.
PN/A: not applicable.

DST Versus TSST

To further evaluate the stress induction potential of the DST,
we performed a 2-step meta-analysis and compared the effects
of the DST with findings of 4 previously conducted TSST
studies. The results of each study are shown in Table 2. The
sample sizes of the TSST studies ranged from 20 to 50, whereas
103 participants completed the DST in this study.

The participants’ indicated negative affect significantly
increased in the DST and in all but one of the TSST studies
(Table 2). The standardized effect sizes for the change in

https://www.jmir.org/2022/7/¢32280
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negative affect in the TSST studies ranged from 0.281 to 1.015,
with a combined effect size of 0.667. The calculated effect for
the increase in negative affect in the DST participants was 0.427.

The reported positive affect significantly increased in the DST
participants in this study, whereas the results of the 4 TSST
studies did not reveal significant changes in positive affect
(Table 2). The standardized effect sizes for the change in
positive affect in the TSST studies ranged from 0.022 to 0.363,
with a combined effect size of 0.119. The calculated effect for
the increase in positive affect in the DST participants was 0.382.
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Table 2. Overview of studies used for meta-analytical comparison of the Digital Stress Test (DST) with the Trier Social Stress Test (TSST) effect

including paired 7 test results for each study.

Study and PANAS? subscale ?Saseline score, mean

Score after, mean

Change, mean Paired ¢ test

(SD) (SD)
t test (df) P value Cohen d,

DST (n=103)

NAP 1.57 (0.56) 1.84 (0.70) 0.27 (0.61) -4.51(102) - gps°© 0.427

pad 3.08 (0.65) 3.37 (0.85) 0.29 (0.61) -4.84(102)  <.001 0.382
TSST [37] (n=26)

NA 1.28 (0.38) 1.82 (0.66) 0.55 (0.68) —4.08 (25) <.001 1.015

PA 2.95 (0.45) 2.94 (0.59) —-0.01 (0.51) 0.11 (25) 91 0.022
TSST [34] (n=26)

NA 1.33(0.32) 1.66 (0.57) 0.32 (0.44) -3.75 (25) <.001 0.694

PA 2.95 (0.56) 297 (0.64) 0.02 (0.45) —0.17 (25) .86 0.026
TSST [36] (n=20)

NA 1.36 (0.33) 1.51(0.71) 0.16 (0.68) -1.02 (19) 32 0.281

PA 2.75 (0.42) 3.02 (0.96) 0.27 (0.82) —1.47(19) .16 0.363
TSST [38] (n=50)

NA 1.43 (0.56) 1.85(0.72) 0.42 (0.53) —5.64 (49) <.001 0.655

PA 3.02(0.57) 2.88 (0.68) -0.14 (0.47) 2.10 (49) 04 0.221

YPANAS: Positive and Negative Affect Schedule.
PNA: negative affect.
CItalics emphasize significance.

dpA: positive affect.

Discussion

Principal Findings

In this proof-of-concept study, we evaluated the feasibility of
a fully digitalized acute stress paradigm for smartphones, the
DST, to induce and record psychosocial stress responses in
outside-the-laboratory settings. We compared it with a digital
control condition (C-DST) in a large web-based study and set
the effect size of the participants’ indicated affect changes in
the context of results previously achieved in the TSST. To our
knowledge, this is the first study evaluating the stress reactivity
of an experimenter-independent paradigm that does not include
any human-human interaction.

We showed that the DST significantly induced higher levels of
perceived stress and negative affect than the control condition.
In addition to feeling more stressed, DST participants also
reported similar increases in related affects such as frustration,
shame, and overstrain. Notably, the reported increases in
negative affect indicated by DST participants not only
significantly exceeded those of participants performing the
C-DST but were also comparable with those reported by TSST
participants in previous studies regarding the calculated effect
sizes.

These findings provide convincing evidence that an acute
psychosocial stress response can be induced with a smartphone
without any further equipment or experimenters taking part. In
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particular, the DST managed to induce subjective stress even
if the social-evaluative threat and uncontrollability [25] of this
study can be assumed to be weaker than in previous studies.
TSST participants performed the paradigm in the laboratory
and were administered physiological measurements and watched
by several experimenters, whereas the DST and C-DST were
mainly performed at home without any additional procedures
or people present. Participants in the web-based study took <10
minutes for the whole paradigm and could cancel the study at
any time by simply closing the browser. Nevertheless, the mere
framing of social evaluation, a difficult mathematical task, and
a free speech task in front of the smartphone camera were
sufficient to elicit a psychological stress response.

These findings extend the results obtained in other studies
analyzing the stress induction potential of less controlled and
experimenter-dependent stress paradigms. Virtual reality
versions of the TSST successfully elicit psychosocial stress
responses using prerecorded [43], animated [44-47], or even
nonhuman robot audiences [48]. However, these protocols still
require experimenters to conduct the procedure.

Although previous studies have focused on the development of
more immersive and convincing virtual realities to improve
stress induction [49], our results indicate that the procedure
might be simplified and spare human-human interaction. The
recently investigated internet-delivered TSST has already shown
that a significant stress response can be induced without direct
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person-to-person contact [16,17]. Our study supports these
findings and further leads to the assumption that psychosocial
stress can be induced without any live interaction.

Interestingly, in addition to evoking a significant level of
perceived stress and negative affect, the DST also increased the
participants’ positive affect. Increases in positive affect have
also been reported in other studies, including stress tests [36,37].
We assume that the increase in this study was caused by an
end-of-study relief and self-selection bias. First, the participants
in this web-based study knew that the performance test would
end after the last questionnaire, whereas, in many other studies,
experimental measures or interventions followed the stress
paradigm [14,50,51]. Second, participants with a strong decrease
in their positive affect might have cancelled the study because
of the very low cancellation barrier.

For a more detailed investigation of the stress induction potential
of our new paradigm, we also examined the elements
implemented for stress induction in the DST regarding the
participants’ responses. Previous work has highlighted the
impact of social evaluation and unpredictability on stress
response. In particular, public speaking parts have been shown
to induce stress in participants [25,52,53]. In our study, we
found a strong increase in perceived stress throughout the
Math-Task and a subsequent slight decrease over the
Speech-Task. The results of the posttest questionnaires also
indicate that the participants perceived the Math-Task as the
more stressful task. In contrast to the TSST, the Speech-Task
was the last part of the procedure, and the participants knew
that the study would end afterward. Thus, the affect ratings
might also have been influenced by the task order and
end-of-study relief. Another reason for the lower stress induced
by the Speech-Task might be that speaking to the front camera
without any real social evaluation does not induce as much
stress as that experienced in live experiments. Similarly, other
paradigms that include a social-evaluative stressor without direct
human interaction resulted in weaker stress responses [44,46,48].
In addition, despite receiving live feedback from the audio input,
the participants might not talk or might skip the task as there is
no real experimenter control. Furthermore, the participants in
this study knew that their recordings would not be saved or
watched.

For upcoming web-based studies, permanently saving the videos
and the possibility that experimenters watch them might increase
psychosocial stress. In addition, improving the credibility of
the automated analysis through the implementation of more
sophisticated adaptive feedback might lead to a stronger feeling
of social evaluation. Another approach to strengthen the
social-evaluative characteristics of the DST could be to
implement a prerecorded or animated audience instead of
displaying the participants’ own video recordings. In addition,
strengthening the social comparison characteristics of the
paradigm through fabricated comparisons of the performance
during the Speech-Task (similar to the Math-Task) might lead
to a stronger psychosocial stress induction.

Web-Based Feasibility of the DST

The evaluation of the DST in a web-based study highlights the
potential of this paradigm. Within 2 weeks, nearly 600
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participants performed one of the versions, and almost 300
completed it. By contrast, a recent review evaluating 35 TSST
studies showed that the average number of participants was 47,
with only 1 study including >100 participants [54]. Campbell
and Ehlert [55] evaluated 359 TSST and TSST-related articles
and found only 6 studies that reported >100 participants,
presuming many more laborious and time-consuming studies.
Even in the recently proposed web-based TSST, experimenters
and actors need to be present during the web-based
videoconferencing session, and the still laborious procedure is
stated as a limitation by the authors [16].

Another advantage of the DST procedure is its inclusiveness,
allowing for participation from any location and in different
conditions. However, the number and composition of the
participants highly depend on the recruitment process. Many
participants entered this study because of its announcement in
a well-known German political podcast and university mailing
lists, which might have led to age and educational background
selection bias in our sample. The participants in this study were
mainly younger and from higher educational backgrounds.
Previous studies have shown differences in stress reactivity
according to age and socioeconomic status, which need to be
addressed when interpreting the findings of this study. In some
studies, physiological stress responses to cognitive challenges
were stronger in older and higher-educated individuals [56-58].
Nicolson et al [59] found stronger cortisol reactivity in younger
individuals and no age-related differences in emotional
responses to a speech task. According to Dickerson et al [25],
cognitive testing may be more stressful for older adults with
higher levels of education as they perceive a greater threat of
negative social evaluation. Moreover, the average lower digital
literacy of older adults [60] may even increase the stress
response in older participants in a smartphone-based paradigm
such as the DST. However, future studies should verify the
stress induction potential for individuals of other ages and
educational backgrounds.

In a web-based study without any direct supervision, it is crucial
to ensure that the participants follow the correct procedure of
the experiment. Therefore, the participants were automatically
reminded to continue when they did not react during the tasks
for a certain time. In addition, we logged the study progress and
excluded participants who were extreme outliers with respect
to the study duration. In the future, we plan to also analyze the
video recordings regarding compliance and include more
detailed live feedback.

The barrier for dropping out of this web-based study was much
lower than that in laboratory or other live-contact settings. The
participants could cancel the study at any time simply by closing
the browser of their smartphones. Although it was ethically
favorable that participants did not need to continue when they
felt overwhelmed by the test situation, this also affected the
outcome of the study. Many participants (324/547, 59.2%)
dropped out even though the procedure took <10 minutes and
no personal data were saved permanently. Most DST participants
(89/300,29.7%) had already cancelled during the introduction,
which was not observed in the C-DST group. We assume that
the higher cancellation rate in the beginning was caused by
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technological problems or privacy concerns related to the video
recording in the DST.

For future versions, we plan to emphasize the high standard of
data protection implemented in the DST and a cancellation
procedure that allows for further decision-making regarding the
submitted data and short feedback on the cancellation reasons.

Limitations

Previous studies have highlighted the long-term consequences
of acute stress—induced physiological changes [61], which were
not evaluated in this study. Although, in some experiments,
correlations between psychological and physiological stress
responses could be found [62,63], others could not verify this
[25,55,64]. Hellhammer and Schubert [65] found that
psychological measurements during, but not before or after, the
TSST were related to physiological responses. The DST
participants reported the highest level of perceived stress
between the 2 tasks, indicating that physiological changes might
also have taken place. Even if it is not yet clear whether the
stress response elicited by the DST entails physiological
changes, addressing psychological stress reactivity plays an
important role in the individual quality of life [66] and mental
well-being [67]. Previous studies have shown the effects of
interventions on psychological well-being [68,69], which
highlights the potential use of the DST for evaluating stress
intervention strategies.

Nevertheless, the stress induction potential of the DST should
be confirmed in a follow-up study including measurements of
other stress-relevant systems such as the sympathetic nervous
system and the hypothalamic-pituitary-adrenal axis [55,70].

Future Research

Several improvements to the stress induction procedure as well
as the usability have been outlined. In particular, additional
adaptive feedback algorithms that react to the participants’
live-recorded behavior might improve the credibility of the
social-evaluative framing and enhance compliance.

To further validate the DST, we plan to compare the
psychological and physiological stress responses, including
cortisol, heart rate, and blood pressure measurements, of
participants undergoing the TSST and DST in a within-subject
design. Next, to improve and validate the stress induction
procedure, we aim to adjust and evaluate the video data
collection in the DST and build a large data set of stress test
videos.
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The DST might then be easily applied to different (clinical)
cohorts (eg, stress in patients with chronic pain [71], stress in
patients with cancer [72], and stress in students [73]) and
contexts (eg, job stress [74] and parental stress [75]) from any
internet-connected location worldwide. In contrast to existing
protocols, this would also allow for the conduction of stress
studies in outside-the-laboratory scenarios and with individuals
from diverse cultural, ethnic, and geographical backgrounds
(eg, remote cultures) [76].

In contrast, the multimodal video data collected using the DST
could serve as the basis for the development of video-based
stress analysis algorithms using machine learning methods [77].
Baird et al [78] combined 3 data sets including videos and voice
recordings of participants undergoing the TSST in separate
studies for the prediction of acute stress responses.
Consequently, the data obtained with the DST could enrich
existing video data sets and be used in combination with them
(eg, pretraining for personalized models [79] and cross-model
transfer learning [78]) to improve the quality of the algorithms.
From a more long-term perspective, these algorithms might be
used within the DST to provide feedback on a participant’s
stress reactivity and evaluate personal prevention or intervention
strategies (eg, resilience trainings [80]).

Conclusions

To the best of our knowledge, this is the first approach to a
standardized digital stress paradigm that can be carried out using
only a smartphone. Moreover, our results imply that
psychosocial stress can be induced through cognitive-verbal
performance tasks and additional framings in a fully automated
web application.

The ability to conduct (stress) studies without any experimenter
or additional equipment required can also be seen as a potential
turning point for translating traditional (stress) research to the
wild. Owing to the web application—based mobile architecture,
future researchers can quickly prepare, conduct, adapt, and
evaluate studies anywhere—including basic and clinical
research. In accordance with the principles of open access, the
source code of the DST and C-DST is publicly available, and
both applications can be freely used for research purposes upon
request.

Future studies will evaluate the potential of the implemented
video recording capability to provide a high-quality stress data
set for algorithm development. This study may serve as
inspiration to bridge the gap between classic psychological
research and interdisciplinary computer science.
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Multimedia Appendix 1

Video illustrating the procedure for the Digital Stress Test web application used in this study. The video has been modified to 2x
playback speed, and recorded sound has been removed for publication purposes. For proper inspection or reading of specific
parts, the video can be paused. Screen recordings were done by a research assistant in May 2021. The mock-up design was
provided by Vectorium - de.freepik.com. A presentation version of the most recent digital stress test version without permanent
data saving can be found at www.digitalstresstest.org.

[MP4 File (MP4 Video). 60338 KB-Multimedia Appendix 1]

Multimedia Appendix 2

Video illustrating the procedure for the Control - Digital Stress Test web application used in this study. The video has been
modified to 2x playback speed, and recorded sound has been removed for publication purposes. For proper inspection or reading
of specific parts, the video can be paused. Screen recordings were done by a research assistant in May 2021. The mock-up design
was provided by Vectorium - de.freepik.com. A presentation version of the most recent control digital stress test version without
permanent data saving can be found at www.digitalstresstest.org/control.

[MP4 File (MP4 Video). 44183 KB-Multimedia Appendix 2]

Multimedia Appendix 3

Distribution of age (Figure S1) and educational background (Figure S2) across Digital Stress Test and Control - Digital Stress
Test participants.
[PDF File (Adobe PDF File). 72 KB-Multimedia Appendix 3]

Multimedia Appendix 4

Mixed-model ANOVA results for the comparison of participants’ affective responses indicated in the different VAS and PANAS
questionnaires at different time points. Second sheet displays post-hoc analyses for significant effects.
[XLS File (Microsoft Excel File), 20 KB-Multimedia Appendix 4]
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Hanna Drimalla Dank aussprechen. Uber die gesamte Zeit, in allen Phasen der Disser-
tation, hatte sie ein offenes Ohr fur mich und fand fur meine (teils Gberlangen, Uberkriti-
schen, teils Uber- oder demotivierten) Anregungen die richtigen Worte. Durch die Zusam-
menarbeit und das standige ,|deen Ping-Pong® mit ihr konnte ich unglaublich viel wissen-
schaftlich aber auch personlich lernen. Die Arbeit in einer so lebhaften und herzlichen
Atmosphare hat letztlich dazu gefuhrt, dass ich weiter mit viel Leidenschaft und Freude

dem Weg der Forschung folge.

Danke



