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Abstract

Noise-induced stress is a prominent factor in modern daily life and poses a risk to men-
tal and physical well-being. Due to low temporal resolution, blood pressure is rarely
implemented in human stress detection. This work aimed to record a detailed timeline
of the stress response to noise using a continuous non-invasive blood pressure (cNIBP)
measurement device and assess its e昀昀ectiveness as a stress indicator. An experimental
study with 12 participants was conducted, combining a 2-back mental task with three noise
conditions: road tra昀케c noise at 58.12 and 52.12dB(A) and ambient noise at 30.2dB(A).
The test consisted of a 60 s Rest phase, a 120 s Trial phase, and a 60 s Recovery phase.
Systolic (sBP) and diastolic blood pressure (dBP), heart rate (HR), and interbeat intervals
(IBI) were monitored with a cNIBP measurement device, the electrodermal activity (EDA)
was recorded with a skin conductivity sensor, and psychological parameters were collected
via a questionnaire. The measurement was split into 24 ten-second intervals and analysed
through four comparisons to capture the dynamic of the stress response. Both sBP and
dBP gradually increased during the Trial and were signi昀椀cantly elevated 30–40 s after
the onset of the stressor, followed by a sudden decrease within the 昀椀rst ten seconds of
Recovery. The mean EDA level responded with an immediate increase in the 昀椀rst 10 s,
after which it slowly declined for the rest of the experiment. After noise exposure, the
inspected EDA peak rate signi昀椀cantly decreased during Recovery compared to Rest and
Trial. The HR spiked after the onset of noise at 58.12dB(A), followed by a drop during
recovery. The root mean square of successive di昀昀erences (RMSSD), extracted from the IBI,
and the psychological scores showed no signi昀椀cant di昀昀erences throughout the experiment.
In conclusion, it was shown that the BP and EDA were impacted similarly by the stressors
of the experiment. The cNIBP recording provided detailed information on the recovery
process and is a valuable addition to the 昀椀eld of human stress research. Meanwhile, the
EDA had minimal latency when detecting the stressor’s onset. The analysis of physiological
and psychological results showed no evidence of a signi昀椀cant correlation between noise
intensity and the magnitude of the stress response.
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1. Introduction

1.1. Motivation

Stress is a constant factor in modern day-to-day life. Whether at work or at home, we
are exposed to various stressors. These stressors can occur in the form of performance
pressure, interpersonal con昀氀icts, health issues or noise. The European Environment
Agency (EEA) estimates that 82 million people in urban areas in the European Union
are exposed to road tra昀케c noise levels of 55dB(A) during the day-evening-night period
[1]. Independent of the origin, all stressors trigger reactions in the human body, which
sometimes happen unconsciously [2]. These stress responses can enhance performance
and help us tackle challenges in the short term. However, prolonged exposure to chronic
stress can have negative consequences for both physical and mental health. Research
has shown that chronic stress impacts multiple systems in the body and can in昀氀uence
disease progression and recovery [2]. Persistent adaptions of the human body to stress,
such as chronically elevated blood pressure, arteriosclerosis, or increased blood lipid
levels, can increase the risk of cardiovascular disease [3] and stroke [4]. Additionally,
prolonged activation of the hypothalamic–pituitary–adrenal (HPA) axis, a major system
in the stress response, leads to increased secretion of the stress hormone cortisol. This
weakens the immune system [5] and raises the risk of metabolic disorders like type 2
diabetes [6]. Furthermore, high cortisol levels are associated with insomnia and attention
de昀椀cits [7], while anxiety, depression, burnout, and post-traumatic stress disorder are
also connected to chronic stress exposure [8]. According to the German online database
of Federal Health Monitoring (GBE)[9], in 2020, cardiovascular diseases cost €56.727
million, accounting for 13.3% of the overall cost for illness by healthcare providers, more
than any other disease. The second highest cost was mental and behavioural diseases,
which made up 13.1% of overall spending and cost €56.391 million. The many di昀昀erent
adverse consequences of chronic stress and the cost associated with them demonstrate
the need for preventative measures, starting with an early detection of stress.
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In recent years, more and more focus has been put on the automatic detection of stress, and
many studies have been conducted on the topic [10, 11]. Di昀昀erent modalities have been
used to detect and classify the human stress response; some require complex experimental
setups, while others fail to provide in-depth information and only paint a black-and-white
picture. This is the case with the blood pressure measurements used most in research. They
are usually done with conventional (automatic) sphygmomanometers, which operate based
on oscillometry [12]. The process of acquiring blood pressure with such a device requires
the in昀氀ation of a cu昀昀 on the upper arm, which takes about 40 s (de昀氀ation rate 3mmHg
per second [13], and normal systolic pressure of 120mmHg [14]) and provides systolic,
diastolic and mean arterial pressure once per measurement. Furthermore, repeated
brachial artery occlusion due to short measurement intervals may induce changes in
the measured pressure level [15]. Moreover, the European Society of Hypertension
recommends a resting time of one minute between consecutive measurements [16].
This prohibits hemodynamic analysis with high temporal resolution, which makes blood
pressure a modality unattractive for stress research, although it is a昀昀ected by the body’s
response. However, this is not the case with continuous non-invasive blood pressure
(cNIBP) measurements, which use a minimally obtrusive method for recording blood
pressure changes on a beat-to-beat level. Because of these advantages, cNIBP-based
measurements might provide additional insights into the human stress response. Yet, this
has not been evaluated as a possible indicator of stress.

1.2. Objective

This work aims to examine the extent to which blood pressure, measured continuously
via 昀椀nger arterial pressure monitoring, can indicate noise-induced stress. For this, an
experimental study will be designed and conducted in which participants are exposed to
an acoustic stressor and perform a mental task. At the same time, their blood pressure
and electrodermal activity are measured. A detailed time-series analysis will assess blood
pressure’s reliability as a stress indicator compared to the established gold standard, EDA.
Additionally, the measured data will be combined into a collection and made available for
further analysis.
The following research questions are proposed:

• How do the measurements change throughout the course of the experiment?
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• Is the stress response in昀氀uenced by di昀昀erent sound intensities regarding dynamic
and overall amplitude?

• Does continuous blood pressure measurement provide a comparable insight into the
human stress response to electrodermal activity?

1.3. Outline

This paragraph will provide an overview of the structure of this work. In Chapter 2, the
foundations of this work will be presented. The terms “stress” and “stressor” will be
de昀椀ned and the concept of noise in this context is explained. Furthermore, the complex
neurophysiological processes of the human stress response are laid out, followed by the
technical background of the modalities used in this work. Finally, the concept of the
n-back task is provided. Chapter 3 discusses and reviews the research done on this topic,
with the focus electrodermal activity and blood pressure especially. Then, in Chapter 4,
the methodology of the experiment conducted for this thesis will be presented, while
Chapter 5 provides the detailed implementation of said methodology. The measurement
results will be given in Chapter 6 and analysed in Chapter 7. Finally, Chapter 8 will
conclude this work and give an outlook on future work.
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2. Background

The following passages provide the necessary information to understand the next chapters.
After de昀椀ning stress, stressor and noise, the mechanisms behind the physiological stress
response are highlighted. Furthermore, each measurement modality included in this work
will be explained brie昀氀y.

2.1. Stress, Stressor and Noise

The term stresswas coined by Hans Selye, who 昀椀rst used the word to describe the syndrome
of “just being sick” and later de昀椀ned stress as a general response to a demand upon the body
[17]. Werdecker and Esch [2] characterise stress as possibly unconscious psychological,
physiological or behavioural changes due to environmental and psychosocial stimuli, the
so-called stressors. The German Federal Centre for Health Education (BZgA) speci昀椀es
noise as a strong strain on an organism by internal or external stimuli [18]. Not every
exposure to stress is necessarily bad. The body’s performance increases with higher stress
levels and reaches a maximum at the optimal stress level, after which the performance
rapidly declines when it continues to rise. Up until the performance peak, this positive
stress is called “eustress” (pre昀椀x eu from the Greek meaning good) [19]. This performance
gain is crucial to ensure maximum survival [2, 11]. However, chronic exposure to a stressor
and the constant onset and o昀昀set of stress, wears down the underlying stress response
system, and the bene昀椀cial habituation capabilities now result in adverse pathophysiological
processes that a昀昀ect the mental and physical well-being [2, 20].
Stressors, as stress-invoking stimuli, can be divided into psychosocial and biogenic origins
[19]. Solitude, over-taxation and interpersonal con昀氀icts are, like most other stressors,
psychosocial [2, 19]. These stimuli, real or imagined, do not directly elicit a physiological
response and only do so after the brain identi昀椀es and interprets them as a stressor [19].
Biogenic stressors, in contrast, do not require cognitive appraisal, as they directly trigger
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a neurological reaction. They are found in ca昀昀eine, nicotine, amphetamine, or painful
stimuli like extreme heat or cold [21].
Noise, in literature generally de昀椀ned as unwanted sound [22–26], can be either a biogenic
or psychosocial stressor, depending on the characteristics. Examples of biogenic acoustic
stressors are sounds with extremely high and fast-rising intensities, which invoke the
acoustic startle response [27], an uncontrolled activation of multiple muscle groups
resulting in a 昀氀inching motion [28, 29]. Many sounds depend on subjective judgment
and thus are interpreted as noise by some, while others do not perceive the same sound
as stressful. Because of this disparity in perception, Westman and Walters [27] further
describe noise as sound that negatively a昀昀ects the body.
Sound pressure levels are most commonly described in decibels (dB), a logarithmic unit
representing the ratio of a sound wave pressure and a reference pressure. This reference
is usually de昀椀ned as the human hearing threshold and is designated as 0dB on the
logarithmic scale [30]. Due to the logarithmic characteristics of the decibel, a 10dB
increase corresponds to a doubling in perceived loudness, whereas a 3dB increase is barely
perceptible for the human ears [31]. Furthermore, sound levels are often weighted to
better represent speci昀椀c acoustic characteristics. A-weighted measurements (dB(A)) are
adapted to represent the human ear’s non-linear response to sounds of the same intensity
but varying frequency [32]. Most sounds that humans encounter in daily life are between
30dB(A) and 100dB(A) [31]. For example, to ensure a good night’s sleep, sound levels as
low as 35 to 40dB(A) are required; a busy o昀케ce can be 60dB(A) and a busy road may be
up to 75dB(A) loud [31].

2.2. Physiological Stress Response

Since the stressor used in this work is noise, it needs to be identi昀椀ed as such before a
bodily reaction is caused (see 2.1), which means that the basis of the physiological stress
response lies in the nervous system. Therefore, the underlying structures and processes,
as well as the subsequent e昀昀ects on the human body, need to be addressed.
The human nervous system can be divided into two branches, the central nervous system
(CNS), consisting of the brain and spinal cord, and the peripheral nervous system (PNS),
which combines somatic and autonomic nervous system (ANS) [21]. When discussing
the physical stress response, the limbic system is a highly interesting part of the brain. As
the emotional control centre, it uni昀椀es multiple structures such as the hypothalamus, the
pituitary gland and the amygdala, which all playmajor roles in the stress reaction [21]. The
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spinal cord serves as the primary pathway for information within the entire nervous system,
transmitting signals to and from the brain while participating in certain autonomous
re昀氀exes [21]. The part of the peripheral nervous system that takes up a big part of the
stress response is the autonomic nervous system; it conveys the impulses necessary for
maintaining homeostasis (e.g. thermoregulation, blood pressure and gastrointestinal
function [33] ). The ANS is further separated into sympathetic nervous system (SNS) and
parasympathetic nervous system (PSNS). Both systems operate simultaneously, adjusting
their discharge frequency and either enhancing or inhibiting tissue activity. This leads
to typically opposing e昀昀ects, enabling quick and precise control [33]. While the PSNS
shows increased activity in phases of rest, where it is tasked with restorative metabolic
functions, the SNS takes control in stressful situations, preparing the body for action [21,
33]. This is also known as the “昀椀ght-or-昀氀ight” reaction [2, 21, 33–35].
When a sound that potentially classi昀椀es as noise is introduced to the environment of the
human body, it is 昀椀rst processed in the brain’s auditory system and then transported
from the auditory cortex to the amygdala for further analysis [29]. As a part of the
limbic system, the amygdala is the highest level of the human stress response. After
an introduced sound is deemed stressful or threatening, the subsequent reactions of
the sympathoadrenomedullary (SAM) system and the hypothalamic–pituitary–adrenal
(HPA) axis originate in the amygdala [21, 29]. The SAM system is put together by the
hypothalamus, the nervous pathways of the SNS and the adrenal gland [21], a hormone-
releasing gland located on top of each kidney. When activated by the amygdala, the
hypothalamus innervates the sympathetic division of the ANS, which, for one, directly
stimulates the end organs via the ganglions and also triggers the adrenal medulla to
increase the release of the catecholamine norepinephrine and epinephrine. Since the
adrenergic neurons of the SNS also secrete norepinephrine, the e昀昀ect of the increase in
adrenal hormone secretion and SNS activity is functionally the same and only di昀昀er in
the onset latency and e昀昀ect duration. The hormone secretion in the adrenal medulla is
delayed by 20 to 30 s; however, it lasts ten times longer than the direct innervation through
the SNS [21]. Among the e昀昀ects of the SAM system are increased arterial blood pressure,
increased heart rate and increased secretion of the sweat glands [2, 21, 33].
As stated in the name, the HPA axis consists of the hypothalamus, the pituitary gland
and, like the SAM system, the adrenal gland. Once stimulated, the neurosecretory
cells in the hypothalamus release corticotropin-releasing hormone (CRH) into the portal
system, which connects the hypothalamus and the pituitary gland. The CRH causes cells
in the anterior pituitary gland to release adrenocorticotropic hormone (ACTH) into the
circulatory system [2, 21, 29]. In the adrenal cortex, ACTHmainly stimulates the secretion
of the glucocorticoids cortisol and corticosterone, which then regulate further hormone
release via a negative feedback loop [35]. The activation of the HPA axis facilitates the
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mobilisation of energy (e.g., glucose) and suppresses certain immune reactions to enable
a su昀케cient “昀椀ght-or-昀氀ight” response [21, 35]. However, chronic exposure to stress leads
to glucocorticoid resistance, which negatively a昀昀ects feedback regulation and results in
excessive in昀氀ammation [36], an increased risk of diabetes and obesity, cardiovascular
disease, as well as anxiety and depression [21, 35].

Hypothalamus

Pituitary SNS

Adrenal medulla

Target organs

Adrenal cortex

Stimulus

Amygdala

Ganglion

AcHAcH

NE

CRH

ACTH

Circulatory system

GCs NE + E

HPA SAM

Figure 2.1.: Diagram illustrating the HPA axis and SAM system. The 昀椀gure outlines the key compo-
nents — hypothalamus, pituitary, adrenal medulla, adrenal cortex, and target organs
— along with neurotransmitters and hormones such as corticotropin-releasing hormone
(CRH), adrenocorticotropic hormone (ACTH), acetylcholine (AcH), norepinephrine
(NE), epinephrine (E) and glucocorticoids (GCs). This highlights the body’s response
to stress via neural and endocrine pathways.
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Table 2.1.: E昀昀ects of HPA axis and SAM system activity.
HPA axis SAM system

increased gluconeogenesis pupil dilation
increased lipolysis increased heart rate
increased urea production peripheral vasoconstriction
immune suppression skeletal vasodilation

bronchodilation
sweat gland stimulation
inhibition of digestion

2.3. Finger Arterial Pressure Measurement

When measuring the 昀椀nger arterial pressure, the goal is to minimise the gradient between
intra and extra arterial pressure, the so-called transmural pressure [37]. This is done by
applying the “volume clampmethod”, which was 昀椀rst introduced in 1973 by Czech scientist
Jan Penaz [38]. By using a pneumatic 昀椀nger cu昀昀 with a built-in photoplethysmography
(PPG) sensor, consisting of a light source and photodetector, as well as a separate processing
unit with a servo control system, the diameter of the unloaded vessel is determined by
increasing the cu昀昀 pressure and analysing the PPG-waveform [37, 39]. The signals’ shape
and amplitude give insight into the state of the vascular wall. Once arterial and external
pressure balance is reached, the artery is considered unloaded, and the necessary cu昀昀
pressure is used as a set point for the control system [39]. The control system then
dynamically adjusts the cu昀昀 pressure to keep this condition. If the artery wall is unloaded,
cu昀昀 and arterial blood pressure in the 昀椀nger are the same, thus allowing continuous
monitoring [39].
A recalibration algorithm called “Physiocal” is being carried out every 10 to 20 s until the
signal reaches a stable condition, after which Physiocal is only done after 60 to 70 s [37,
39, 40]. The recalibration repeats the process mentioned above to account for changes in
smooth muscle activity that change the vessel diameter and thus a昀昀ect the pressure level
inside the artery [37, 39]. Both the initial calibration and the Physiocal recalibration are
shown in Figure 2.2.
The measured pressure then is internally processed by the device to represent central
pressure conditions and provided as reconstructed systolic blood pressure (sBP) and
diastolic blood pressure (dBP). Furthermore, if needed, a brachial calibration (BRAcal)
can be performed, where brachial oscillometric BP-levels are taken to correct further the
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reconstructed sBP and dBP values [41]. It has been shown that processed 昀椀nger arterial
pressure is an alternative to invasive continuous brachial artery measurement [37, 41] and
satis昀椀es the accuracy requirements of AAMI / ANSI / ISO 81060-2: 2013 [42] standards
[40].
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Figure 2.2.: Finapres startup sequence. In the 昀椀rst few seconds, the initial calibration takes place.
Then, at expanding intervals, the Physiocal ensures the measurements are accurate.
Inspired by Imholz et al. [37].

2.4. Electrodermal Activity

One of themost usedmethods for detecting stress in humans is the analysis of electrodermal
activity (EDA) [10, 11]. By measuring di昀昀erences in electric potential, resistance or
conductance of the skin, information on ANS activity in the sweat glands can be gained
[43]. Secretion in these glands is almost entirely in昀氀uenced by sympathetic stimuli, with
next to no antagonistic e昀昀ect of the parasympathetic nervous system (PSNS) [43].
By applying two electrodes on the medial phalanges of two 昀椀ngers and introducing a
voltage or current, the skin conductance or resistance levels are measured [44]. The overall
electrodermal activity is comprised of two parts, the skin conductance level (SCL) and the
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skin conductance response (SCR). As implied by the term, the skin conductance level gives
insight into the tonic conductance level of the skin, while the skin conductance response,
also called galvanic skin response (GSR), provides information about the progression of
skin conductance over short periods [43, 44]. Figure 2.3a illustrates how the overall EDA
signal is comprised of the two components and Figure 2.3b depicts the di昀昀erent features of
the skin conductance response. The latency, typically 1 to 5 s long, describes the duration
from stimulus onset and the onset of the SCR. Peak amplitude refers to the amplitude
di昀昀erence between peak and onset, while rise time represents the time between the two.
Finally, the recovery time refers to the duration from peak to o昀昀set, the recovery itself,
which is much 昀氀atter in comparison to the steep incline of the SCR onset [45].
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(b) The di昀昀erent features of an event related skin
conductance response.

Figure 2.3.: An illustration of example EDA data. Adapted from [45]

Apart from stress detection, EDA has found applications in behavioural medicine [43, 44],
showing abnormalities in patients with depression, post-traumatic stress disorder and
agoraphobia [46–48]. Furthermore, in some countries, EDA is part of polygraph testing
for forensic medicine or criminal justice proceedings [43]. In addition to diagnostics,
electrodermal activity biofeedback therapy can assist patients in gaining control over
emotions related to sympathetic innervation of the skin and achieving a state of psycho-
physiological relaxation [43, 44]. It is reported that biofeedback therapy reduces the
frequency of seizures in patients with drug-resistant epilepsy [49].
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2.5. N-Back Task

The n-back task is a continuous recognition measure in which a participant is presented
with a sequence of stimuli. It must determine whether a speci昀椀c n-back rule is satis昀椀ed [50–
53]. The subject has to press a button or key when the presented stimulus is the same as the
one n-items back [53] (see Figure 2.4). The test di昀케culty generally scales with the value
of n [50], while the duration of the stimulus presentation and the interstimulus interval
(ISI) also contribute to the complexity. After completion, the participant’s performance
can be measured through accuracy or error rate and response time [50]. Various types of
stimuli, such as letters, numbers, words, shapes or auditory signals, have been used in
research [50–52], while the performance remained independent of the stimulus type [50].
The test was 昀椀rst published by Wayne Kirchner in 1958 [54] in a study on ageing, where
he compared the short-term retention of rapidly changing information of elderly and
young people. Since then, the n-back task has been a widely used test of working memory
[50], which is needed to maintain and update small amounts of fast-changing information
for a short time like reading, carrying a conversation or mental arithmetic [55–58].

Figure 2.4.: Basic operation of the n-back task. Left: The second presentation of the letter “L” is
correct in this 1-back example, as “L” was just presented one trial previously. Right: In
this 2-back example, the second presentation of the letter “D” is correct. From Gilmour
et al. [50].
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3. Related Work

This chapter summarises work related to measurement methods, noise type or introduction,
and cognitive tasks used in this study. Two reviews by Laufs et al. [10] and Giannakakis
et al. [11] were chosen for further analysis to get an overview of publications that discuss
physiological reactions to noise. Laufs et al. [10] reviewed 37 publications on physical
stress reactions to acoustic stimuli, while Giannakakis [11] et al. based their review on 41
publications in human stress detection using biosignals.
Fifty-two publications shared similarities with this thesis by either measuring identical
physiological features (BP or GSR), employing similar types of noise (RTN), or using
comparable cognitive tasks. Of all the similar work, 36 used electrodermal activity as an
indicator for stress and seven included blood pressure measurements in their study. Six
introduced road tra昀케c noise in their test, of which four are also part of the group that
used BP and one that also used EDA. Three unique papers implemented a variant of the
n-back task in their experiment. All included papers were evaluated for similarities based
on the information provided in the reviews. These studies are listed in Table A.1.

3.1. Physiological Stress Detection

An important part of recording the bodily stress response is correctly gathering the vitals
that stress in昀氀uences most. This section thus provides an overview of publications that
implemented blood pressure or electrodermal activity. The studies are presented with
regard to their methods and noteworthy results.
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3.1.1. Blood Pressure

In a 2010 study, Lee et al. [24] examined the response of heart rate variability as well
as blood pressure to 5min intervals of white noise at 50dB(A), 60dB(A), 70dB(A) and
80dB(A) volume levels. It is noteworthy that singular BP-measurements were only taken
for volumes 70dB(A) and 80dB(A), resulting in no detailed time series analysis. No
signi昀椀cant increases were recorded for blood pressure and heart rate parameters; only
frequency features of HRV showed signi昀椀cant increases.
During a long-term (60min) noise exposure experiment to study the e昀昀ect of di昀昀erent
noise types on men, Sim et al. [22] measured HRV, blood pressure and blood parameters
while exposing the participants to 45dB(A) tra昀케c noise or speech or both a once. While
HRV values were measured continuously, blood pressure measures and blood analysis
were only determined before and after each session. Their results showed signi昀椀cant
changes in HRV features while BP-levels only increased insigni昀椀cantly. Because some
frequency features indicated decreased stress levels while the participants were exposed
to speech, the researchers proposed a possible bene昀椀cial e昀昀ect of noise in an otherwise
quiet environment.
To assess the cardiovascular and stress responses to noise with di昀昀erent frequency charac-
teristics, Walker et al. [26] conducted an experiment which recorded ECG, blood pressure
and saliva markers. After 10min of acclimation and ten minutes of silence, the participants
were exposed to either low-frequency (31.5 to 125Hz) or high-frequency (500 to 2000Hz)
noise for 30min, followed by 30min of silence. The scientist measured BP-levels once
directly before and after noise exposure, while the HRV features were extracted from
continuous ECG monitoring. Although the scientists examined signi昀椀cant changes for
HRV features, especially when low-frequency noise was used, neither salivary markers
nor blood pressure values di昀昀ered signi昀椀cantly depending on the noise.
Contrary to Walker et al. [26], a 2018 study by Lu et al. [59] showed signi昀椀cant blood pres-
sure changes in an experiment which also focused on di昀昀erent frequency characteristics.
They exposed young adults to 20min recordings of di昀昀erent industrial noises, with rather
low-frequency, rather high-frequency or an average of both, at 75dB and 90dB, while
measuring BP and HR values before and after the noise was introduced. This resulted
in a signi昀椀cant increase of systolic blood pressure and diastolic blood pressure for 90dB
industrial noise only.
In a paper on stress reaction to noise and cognitive tasks in an o昀케ce environment, Kris-
tiansen et al. [60] continuously measured blood pressure and electrocardiography (ECG)
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during a four-phase experiment consisting of two rest phases, a mouse work task and
an order judgement. They found no signi昀椀cant changes in their measurements, except
diastolic blood pressure, which decreased during noise exposure. Though they used a
continuous monitoring approach, no analysis regarding the dynamic of the results was
made.
Gallasch et al. [61] conducted a comparison of road and rail tra昀케c noise at 70dB(A)
and their impact on extra-aural e昀昀ects. They continuously measured ECG, impedance
cardiography (ICG) and blood pressure (BP) over a period of 100min, separated into three
20min active phases where the mental task performed and the noise was introduced. Four
10min rest phases made up the remaining test duration. The analysis was made only
during noise, over 2min-intervals and showed trends of increased systolic blood pressure,
yet signi昀椀cant changes were only recorded for railway noise and not for road tra昀케c noise.
One of the few publications analysing the time-series response of blood pressure (BP) was
conducted by Paunović et al. [62], they introduced road tra昀케c noise (RTN) at 89dB(A) for
ten minutes to 130 young and healthy adults. The scientist used a thoracic bioimpedance
device that recorded ECG, ICG and two variants of blood pressure (oscillometric and
continuous). After conducting their three-phase experiment, consisting of a 10min noise
phase enclosed by two 10min quiet phases, they computed the averages for every minute
of their 30min experiment. For the analysis, they compared each minute to the preceding
minute, the 昀椀rst minute of the same phase, and the last minute before and after the noise
exposure. Their results show a prompt and signi昀椀cant increase of BP and HR within the
昀椀rst minute of noise exposure, followed by a steady decrease throughout the rest of the
experiment duration. This unique approach enabled a detailed time series analysis of the
body’s stress reaction through blood pressure measurements.

Table 3.1.: Overview of publications that implemented BP measurements.
Publication Method Type of Noise Cognitive Task Results
Lee et al. [24] oscillometric white noise - insigni昀椀cant changes of BP
Sim et al. [22] oscillometric RTN + speech - insigni昀椀cant increase of BP
Walker et al. [26] oscillometric unspeci昀椀c

HF + LF noise - insigni昀椀cant changes of BP
Lu et al. [59] oscillometric industrial - signi昀椀cant increases at 90dB
Kristiansen et al. [60] continuous open plan o昀케ce - overall no signi昀椀cant changes
Gallasch et al. [61] continuous RTN + railway short-term

memory
insigni昀椀cant increase of BP
during noise

Paunović et al. [62] continuous RTN - BP increases signi昀椀cantly
within the 昀椀rst minute of noise
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3.1.2. Electrodermal Activity

On the topic of electrodermal activity (EDA), much research has already been conducted
[10, 11], though only few publications included acoustic stimuli, let alone road tra昀케c
noise (RTN). In an attempt to measure the e昀昀ect of birdsong on perceived restorativeness,
Suko et al. [63] conducted an experiment where participants were exposed to 2min long
sound samples. Both samples included birdsong, but only one had additional car noise
included. The scientists measured electrodermal activity while introducing the sound at
61dB for birdsong only and 63dB for birdsong combined with car noise. Afterwards, the
participants were asked to rate their perceived restorativeness on a scale. Their analysis
of the SCL showed a signi昀椀cantly decreased recovery rate for birdsong with car noise
compared to birdsong only. However, the subjective evaluation recorded with the perceived
restorativeness scale showed no such trend, which is why the researchers implied that
SCL measurements are able to detect the subconscious e昀昀ect of background noise.
Another study on physiological stress recovery and the e昀昀ect of noise on it was done by
Alvarsson et al. [64]. They measured skin conductance level and high-frequency HRV
components during an experiment which included three types of noise: nature sound
at 50dB, “high noise” (i.e. road tra昀케c noise) at 80dB, “low noise” which was the same
as high noise but at 50dB and ambient noise at 40dB. Additionally, a speeded mental
arithmetic task was presented to the participants to induce stress. The results showed a
slower decrease of the SCL in periods where the “high noise” was presented, while the
fastest drop occurred when natural sounds were played back. Contrary to the EDA feature,
no signi昀椀cant changes were observed for the high-frequency HRV components. These
昀椀ndings, together with those of Suko et al. [63], suggest that positive and calming sounds
can in昀氀uence physiological recovery.
Trimmel et al. [65] examined how low-intensity aircraft and neighbourhood noise impact
cognitive learning by measuring skin conductance while participants had to learn informa-
tion from three texts on a philosophical topic. During the test, either a control background
noise at 36dB, a recording of passing aircraft at 48dB or “neighbourhood-like” sounds at
45dB were introduced. The increase in spontaneous skin conductivity 昀氀uctuations during
aeroplane and neighbourhood noise suggested a higher physiological stress level, even for
low-intensity background noises, though this e昀昀ect was more pronounced for the aircraft
pass-bys.
In 2021, Iadarola et al. [66] evaluated the galvanic skin response to three di昀昀erent acoustic
stimuli. Their 10min experiment consisted of a 5min pre-stimulus baseline measurement,
a 1min stimulus and a 4min post stimulus phase. The scientist chose the number of peaks
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and the frequency band of the GSR signal for their analysis. During analysis, they noticed
increased peaks for most participants when neutral (walking sounds) and unpleasant
(screaming) noise was played. As for the frequency domain, their results showed that the
power spectra were mainly located in the 0.4 to 1Hz band, which is rarely observed in
comparable publications.

3.2. Summary

The related work presented in the above paragraphs show that a lot of work has been done
in human stress recognition, yet the implementation of blood pressure as an indicator for
such is rarely described. The publications that included blood pressure measurements in
their research seldom recorded signi昀椀cant changes when ordinary oscillometric methods
were used. Although the use of continuous measurement methods did not always show
signi昀椀cant changes, which may be due to too large analysis intervals, it was able to
show a trend that would have gone unnoticed otherwise. Contrary to blood pressure,
electrodermal activity is a well-established modality in the area of research.
It has been shown that using EDA features is a reliable approach when recoding the bodily
stress reaction. These studies show the bene昀椀t of EDA measurements, as they are able to
represent changes in sympathetic nervous activity with a high resolution.
The review of related work provided valuable information, which helped design the
experimental setup and analysis in this work.
Regarding the in Chapter 1 proposed research questions, this chapter has shown that a
high-resolution timeline analysis, as planned for this work, has not yet been conducted.
Furthermore, no direct comparison of blood pressure and electrodermal activity mea-
surements has been made to evaluate the use of continuous non-invasive blood pressure
devices. This clearly indicates the research gap that this work addresses.
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4. Methodology

This chapter will provide the methodology for the experiment conducted for this thesis.
First, an overview of the study population and design will be given. Then the questionnaire
used in the experiment and the preprocessing steps are presented. Finally, the approaches
for the data analysis are provided.

4.1. Study Population and Design

For the experiment, four women and eight men, ages 21 to 27 years (mean 23.33, sd
2.42), all right-handed and non-smoking, volunteered to partake. The participants had
no history of cardiovascular disease, such as chronically elevated blood pressure, and
no hearing impairments. Furthermore, all participants con昀椀rmed that they do not take
medication, which may in昀氀uence the measurements and gave informed consent to the
procedures in this experiment. The experimental setup and all methods were approved by
the Technische Universität (TU) Darmstadt ethics committee (application EK 06/2025).
The experiment combined the exposure with road tra昀케c noise (RTN) at three intensities
and a version of the n-back task in a 120 s trial. As a source for RTN, a two-minute excerpt
(01:00 - 03:00 min) from a YouTube video containing footage of a busy road in Asia [67]
was chosen. This was then played back via over-ear headphones (MMX 100, Beyerdynamic
GmbH & Co. KG, Heilbronn, Germany) at one of three volumes: ambient background
noise at 30.2dB(A) or road tra昀케c noise at either Leq, 2min = 52.12dB(A) (68.22dB(A)max)
or Leq, 2min = 58.12dB(A) (74.25dB(A)max), in the following described as Vol. 0, Vol. 0.5
and Vol. 1 respectively. Sound levels were measured and veri昀椀ed with a handheld sound
level meter (Optimus+ Industrial, Cirrus Research plc, Hunmanby, United Kingdom).
The n-back task was con昀椀gured based on a pre-test conducted by Laufs et al. [68]. They
concluded a con昀椀guration of n = 2, a stimulus duration of 500ms and an interstimulus
interval (ISI) of 700ms was suitable for experiments such as the one presented, as it o昀昀ers
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a consistent cognitive load and is easily executed. For the stimuli, a set of 100 capital
letters was compiled with a 50 % target percentage and a maximum consecutive target
sequence of 2 for each volume. The participants had to press the laptop’s space bar every
time the letter shown on the screen matched the letter two items before. This was possible
during the time the letter was presented and the ISI, amounting to a maximum available
response time of 1.2 s. For more information on the n-back task, see Section 2.5.
The test took place in an empty o昀케ce inside the KISMED institute and was isolated in
terms of external noise. Additionally, the blinds inside the room were closed, and only the
light furthest away from the participants was turned on to avoid unwanted visual interfer-
ence. After explaining the procedures and the motivation of the experiment thoroughly,
the participants were given the consent form and the questionnaire to 昀椀ll out. Once all
necessary questions were answered, the measurement equipment was 昀椀tted and set up.
The experiment was composed of three sessions, each with a di昀昀erent intensity of noise.
This amounted to six presentation orders for the sounds, which were equally distributed
among the participants. Each session consisted of a pre-measurement calibration phase,
a 60 s Rest phase, with a 10 s countdown at the end, a 120 s Trial phase with noise and
mental task, and a 60 s Recovery phase. During all phases, the participants were seated in
front of the testing laptop and should remain still to avoid measurement errors due to
movements. For an overview of the test setup, see Figures 4.1a and 4.1b.
After every completed session, another part of the questionnaire was presented (see Sec-
tion 4.2 for further explanation), and a 5min break was done. Both the sound introduction
and the 2-back task, were implemented in PsychoPy [69, 70], which is discussed in detail
in Section 5.1. Furthermore, a step-by-step instruction for the experiment is provided in
Section A.2.
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(a) Experimental setup. (b) Presenters view of the setup.

(c) Finapres patient unit. (d) Applied Finapres device.

(e) Biosignals measurement dub and EDA sensor. (f) Placement of cu昀昀 and electrodes on the hand.

Figure 4.1.: The experimental design and measuring devices used for this study. Pictures (a) and
(b) show the test setup. The sensors are 昀椀tted to the left lower arm, and the test laptop
is placed comfortably in front of the Participant. Photo (c) shows the Finapres control
unit, the 昀椀nger cu昀昀, and the HCU. Figure (d) shows how the Finapres patient unit is
applied to the Arm. Picture (e) presets the Biosignals measurement hub and electrodes.
In (f), the placement of the sensors and cu昀昀 on the hand is shown.
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4.2. Questionnaire

Various questionnaires and a set of general questions about personal information were
combined into a survey to assess the participants’ stress level and sensitivity to noise. After
providing the personal information necessary for the measurement (age, height, weight;
see Table 4.1), the participants were given a union of three questionnaires, which they
were supposed to answer in part before the experiment and in part after each session.
Although all questions included were initially expressed in English, translated versions
in German were utilised for this experiment. The entire questionnaire is included in
Section A.3.

Table 4.1.: Basic characteristics of the study population.
MEAN ± SD MIN MEDIAN MAX

Age 23.33 ± 2.42 21.00 23.00 27.00
Weight (kg) 76.83 ± 11.54 60.00 73.50 99.00
Height (cm) 182.08 ± 8.18 169.00 183.00 194.00
BMI 23.17 ± 3.20 20.06 22.40 29.76

Noise Annoyance - ISO/TS 15666:2021-05

The 昀椀rst part of the questionnaire was composed of a technical speci昀椀cation by the
International Organization for Standardization (ISO).
It includes two questions, one on a verbal and the other on a numerical scale, to assess the
participant’s noise annoyance, thus providing context for the experiment’s results. The
verbal scale provided the options: not at all, slightly, moderately, very, and extremely, of
which the last two were de昀椀ned as highly annoyed. Meanwhile, on an 11-point numerical
scale ranging from zero to ten, answers eight, nine, and ten corresponded to being highly
annoyed [71, 72]. After scoring the answers, the percentage of highly annoyed individuals
is provided, therefore giving insight into the noise annoyance of the study population. The
German translation of the questions by T. Gjestland [73] was used for this experiment.
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Weinstein Noise Sensitivity Scale

The next section of the questionnaire was the Weinstein Noise Sensitivity Scale (WNSS)
First used by Neil D. Weinstein in a study on individual reactions to noise [74], the 21-
question long Weinstein Noise Sensitivity Scale (WNSS) determines sensitivity to noise
with respect to general noise and daily environmental sounds [75]. Each question is
answered on a 6-point scale ranging from “strongly disagree”, representing 1, to “strongly
agree”, representing 6. Rating the answers involved adding all scores after inverting those
marked with “*”, resulting in an overall score between 21 and 126. Low scores mean
lower sensitivity to noise, while higher values represent the opposite.
Again, a German translation by Zimmer and Ellermeier [76] was used for this survey.

State Trait Anxiety Inventory

Lastly the State Trait Anxiety Inventory (STAI) was included into the survey. The STAI,
created by C. D. Spielberger [77] comprises two separate questionnaires analysing state
and trait anxiety, which give insight into the participants’ stress level. State anxiety is
in昀氀uenced by the present circumstances, while trait anxiety represents a general tendency
to be anxious [78]. Each part contains 20 items and is scored on a numerical scale from
one to eight, ranging from “almost never” to “almost always” for the trait anxiety section
and “not at all” to “very much so” for the state anxiety section. To record the e昀昀ect of
di昀昀erent volumes of noise, the state anxiety questionnaire was repeated after each session.
Including all forty questions in the questionnaire was decided against due to limited time
during the experiment, and a short version created and translated into German by J.
Grimm [79] was chosen. This short version uses only ten items from each section but
maintains the mentioned rating method. The scores were again calculated by inverting
items marked with “*” and adding all corresponding values, which resulted in a minimum
of ten and a maximum of eighty “points”. For further comparison, the raw results can
be transformed into relative values. The cut-o昀昀 scores are usually 0-30% for “no or low
anxiety”, 30-40% for “moderate anxiety” and 40-100% for “high anxiety” [80].
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4.3. Physiological Monitoring

Blood Pressure

The blood pressure recording was done with a hemodynamic monitoring system (Finapres®
NOVA, Finapres Medical Systems B.V., Enschede, Netherlands) capable of measuring the
blood pressure continuously on a beat-to-beat level. The theoretical foundation for the
deployed measuring method is brie昀氀y explained in Section 2.3. After the cu昀昀 size was
determined, the 昀椀nger cu昀昀 was applied to the medial phalanx of the right index 昀椀nger
and the processing unit to the right lower arm, as described in the device handbook (see
Figure 4.1d). Furthermore, a conventional brachial arm cu昀昀 was connected to the left
upper arm. Once both pressure cu昀昀s were applied to the participant, the device’s height
correction unit (HCU) was added to the setup. It is used to counteract changes in the
height di昀昀erence between the 昀椀nger and the heart, which is why it was placed on the
brachial cu昀昀, as it is situated at heart level. After starting the measurement, one brachial
calibration was conducted, where the reconstructed blood pressure is corrected according
to the values measured with the brachial cu昀昀. Once the session was done, the device
provided an output 昀椀le with the reconstructed systolic blood pressure and systolic blood
pressure (reSYS and reDIA respectively), as well as the heart rate (HR) and interbeat
intervals from the PPG sensor in the cu昀昀, in following referred to as Finapres dataset. The
data was originally sampled at 200Hz; however, the reconstructed values were already
downsampled to 1.25Hz in the export 昀椀le.

Electrodermal Activity

The EDA was measured with a sensor and a 16-bit acquisition hub (Electrodermal Sensor
and biosignalsplux Hub, PLUX wireless biosignals S.A., Lisbon, Portugal) at a sampling
frequency of 500Hz. The EDA-sensor was attached to the palmar proximal phalanges
of the left little and ring 昀椀nger using disposable, self-adhesive Ag/AgCl electrodes, and
connected to the hub (see Figure 4.1f). A computer running the OpenSignals (r)evolution
software (PLUX wireless biosignals S.A., Lisbon, Portugal) was linked to the acquisition
hub via Bluetooth®. The recording was started and ended remotely in the software,
preventing any passive in昀氀uence on the measurement. After the acquisition, the gathered
data was reviewed and exported for analysis. This export is in the following referred to as
Biosignals dataset.
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4.4. Preprocessing

After all the experiments were completed, the measurements were preprocessed prior to
the analysis. Each session’s data exports consisted of comma-separated values (CSV) 昀椀les
that included general information about the session and the data points. One of the goals
during preprocessing was to compile a dataset that included all measurements from a
single session. To achieve this, each individual dataset needed to be adjusted in size and
sampling frequency. This was done by trimming each measurement according to the start
and end of the experiment’s initial and 昀椀nal phases using the corresponding timestamps.
Doing so removed the pre-test data where the calibration occurred and ensured both the
Biosignals and Finapres datasets were 240 s long. Afterwards, the datasets were resampled
to 10Hz and aligned based on their timestamps. Before this could happen, the Biosignals
dataset and the IBI from the Finapres dataset required further processing to extract the
desired features for the analysis. The preprocessing steps are shown in Figure 4.3.

Feature Extraction

A few features had to be extracted to perform a representative data analysis of the
measurements, allowing comparison between skin conductance and continuous blood
pressure as stress indicators. Based on the literature review in Chapter 3, two EDA features
and one heart rate variability (HRV) were chosen in addition to the already internally
processed Finapres data to represent the participant’s stress level.
For the analysis of the electrodermal activity, the baseline-normalised EDA-level and the
number of peaks per minute were chosen. The former was computed based on the 昀椀rst
50 s of Rest by dividing the EDA with the mean value of said interval. To extract the
peaks per minute, the relative peak height was calculated from the ratio of the phasic
SCR and the tonic SCL. This provided a measure independent of the general tonic level,
which varies depending on the participant and factors like the room temperature. The
peaks were detected using a peak-昀椀nding algorithm. Only peaks with a height higher
than 0.1 relative to the tonic level or a prominence greater than 0.02 were included in the
detection. The peak prominence is represented by the di昀昀erence to the bigger minimum
of the right and left interval spanning from the potential peak to the next higher peak
[81] (see Figure 4.2). Afterwards, the number of peaks was counted for each experiment
phase and adapted to represent per-minute values.
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Figure 4.2.: Example for peak prominence. This example from the SciPy documentation [81]
provides a visual explanation for the peak prominence parameter. Each vertical line
represents the peak prominence for the corresponding peak.

For the HRV feature, the root mean square of successive di昀昀erences (RMSSD) was chosen
and computed from the Finapres IBI data. The RMSSD primarily re昀氀ects short-term
changes in the HRV that are in昀氀uenced by the parasympathetic nervous system [82]. The
industry standards for time periods in HRV analysis are either 5min or 24h recordings of
ECG or, in this case, PPG. Since the entire duration of the experiment was only approxi-
mately 7min, including the pre-test calibrations, which were not included in the analysis,
leaving 4min of measurement data, not all existing HRV features were applicable. It has
been shown that when using very short time frames, such as the 10 s intervals in this work,
RMSSD was the most accurate at representing the standard 5min measurement [83, 84].
The feature extraction process is detailed in Chapter 5.
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Figure 4.3.: The Preprocessing steps of the experiment, as described in Section 4.4.
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4.5. Statistical Analysis

Two approaches were taken to analyse the BP, HR, RMSSD and normalised EDA measure-
ments: an time series analysis and a volume analysis. For both approaches, the datasets
were split into 24 ten-second intervals.
The time series analysis investigated the dynamic changes in the physiological features
within one session. Here, the approach for a time series analysis conducted by Paunović
et al. [62] was adopted, as it could show hemodynamic di昀昀erences on a minute-to-
minute level, which has not been done otherwise. Four comparisons were made to get
information about the stress response throughout the test duration. The consecutive
comparison observed the changes that occurred from one interval to the preceding one,
resulting in 23 pairs. For the analysis within a phase, the phase-start comparison was
conducted, where every interval was compared to the 昀椀rst interval of the same phase.
This resulted in 5 pairs for the Rest and Recovery phase, while the Trial phase generated
11 pairs. Di昀昀erences between all intervals since the start of the Trial phase and the last
intervals of the Rest phase were bundled in the pre-trial comparison, which consisted of 18
pairs. Finally, the post-trial comparison examined the changes during the Recovery phase in
relation to the last interval of the Trial phase, amounting to another 6 value pairs. For each
comparison, the interval di昀昀erences were calculated and checked for normality. A paired
sample t-test was conducted to determine statistical signi昀椀cance when the di昀昀erences
were normally distributed. If the normality test was not passed, signi昀椀cance was assessed
using a Wilcoxon signed-rank test.
The volume analysis compared both sessions with noise introduction to the one without
to determine if the e昀昀ect of the noise and n-back task was ampli昀椀ed depending on the
volume. To account for baseline di昀昀erences, the values were divided by the average of the
昀椀rst 50 s of the Rest phase, as the 10 s countdown could have in昀氀uenced the values. Again,
the di昀昀erence between the noise session and the session without noise was calculated for
each interval and then checked for normality. As with the time series analysis, depending
on whether the data was distributed normally, either a paired sample t-test or a Wilcoxon
signed-rank test was conducted.
Furthermore, the peak count per minute was analysed using similar approaches. Because
these values were only calculated as per-minute values, a full time-series analysis was
not possible, and instead, a comparison between each experimental phase was made.
Similarly, the volume analysis was adapted for the peaks per minute analysis by comparing
each phase of sessions with noise exposure to the same phase without an acoustic stressor.
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The di昀昀erences between phases or sessions were calculated and checked for normality.
For normally distributed values, a paired sample t-test was conducted, while a Wilcoxon
signed-rank test was used for non-parametric distribution.
Only the state anxiety test was chosen for further analysis, as these questions were repeated
after each session, whereas the other parts of the questionnaire were only answered once
at the beginning. The answers of both sessions with noise were compared to the baseline
score without noise. Once again, the di昀昀erences between each test score with noise and
those without were computed, checked for normality and then statistically analysed. As
for all the other approaches, a paired sample t-test or a Wilcoxon signed-rank test was
conducted.
A p-value p < 0.05 was deemed signi昀椀cant for the entirety of the statistical analysis.
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5. Implementation

In this chapter, the implementation of the test environment, of the data processing and of
the data analysis will be described.

5.1. PsychoPy

The mental task and noise introduction were implemented in PsychoPy, an open-source
Python package used for neuroscienti昀椀c experiment design [69]. It also features a builder
environment, which lets you construct complex psychological experiment setups via a
graphical user interface (GUI). Inside this builder, the experiment then can be imple-
mented using a 昀氀owchart-like approach and subsequently started in a separate full-screen
application.
The program was structured into 昀椀ve routines: Instructions, Rest, Trial, Recovery and
End (see Figure 5.1). Both the Instructions and the End routine did not contribute to
the experiment’s results, while the passive Rest and Recovery routines enclosed the only
active Trial routine. When initialised, an input mask was shown on the screen, where

INSTRUCTIONS REST TRIAL ENDRECOVERY

TRIALS

(60s) (1.2s) (60s)

Figure 5.1.: This 昀氀owchart represents the PsychoPy experiment. The main part of the experiment
only contained the three phases in the centre. Rest and Recovery stated their name,
while the Trial routine included possible noise exposure and the mental task. It was
repeated a total of 100 times by the Trials loop. The Instructions routine provided
information on the 2-back task, while the END routine stopped the program.
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Table 5.1.: An excerpt of one of the conditions tables which provide the basis of the 2-back task. The
thisLetter column contained the letter sequence, while the other two columns marked
the targets and the necessary answer for each column.

thisLetter targets corrAns
A 0
O 0
T 0
O 1 space
T 1 space
U 0
T 1 space
U 1 space
H 0
... ... ...

the participant ID, the session number and the volume were con昀椀gured and applied (see
Figure 5.2). These con昀椀gurations were made based on the ID’s and presentation order
given on the questionnaire. After the settings were con昀椀rmed, all routine components,
such as on-screen text, key response observers, and custom code environments, were
initialised by the program.
First, the Instructions routine started the experiment by brie昀氀y introducing the 2-back
task. This routine lasted inde昀椀nitely; however, if a space bar keypress was registered, it
was forced to end, and the Rest routine started. This prompted the phase name on the
screen; meanwhile, once 50 s had lapsed, a 10 s countdown started. The countdown was
implemented by subtracting the current routine timer from the total routine duration for
every frame during the last 10 s.
The Trial routine, in combination with the Trials loop, was a crucial part of the 2-back task
implementation. It consisted of four components, which controlled the stimulus presenta-
tion, key response handling, and noise introduction. The loop retrieved information from
the conditions table and iterated through its entries. A separate Excel table was created
for each volume, containing the letters to be presented, as well as target markers and the
correct key responses (see Table 5.1). The contents of a new row were read and passed
to the Trial routine every repetition. Two components of the Trial routine were code
environments: the set_table and the play_sound component. The set_table component
used a Python match statement to determine the table identi昀椀er while the play_sound
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Figure 5.2.: The PsychoPy input mask provided three con昀椀guration options: participant ID, session
ID and volume.

component used the built-in psychtoolbox sound engine to load the WAV 昀椀le containing
the noise and preset the volume. Both settings were based on the volume parameter in the
input mask and initiated at the start of the experiment. The table identi昀椀er was needed
for the Trials loop to choose the right conditions table for the 2-back task. Once the Trials
loop counter started (trials.thisN = 0) the playback was started until the loop reached
its last repetition (trials.thisN = 99).
To present the stimulus, a text component was added to the routine. It showed the
current letter passed by the Trials loop on the screen for 500ms, after which the letter
disappeared, and the screen went blank again. During the entire routine duration, the
key_resp registered possible space bar presses. If a keypress was registered, it also checked
whether the response was aligned with the current corrAns entry in the conditions table
and tracked whether the response was correct. Every time a letter appeared on-screen,
the current timestamp, key response time, and key response duration were saved in the
output 昀椀le. Once 120 s had passed, the Trial routine ended, and the Recovery routine
began. It had a similar structure as the Rest routine but did not include a countdown.
After displaying the phase name and instructions to remain seated for another 60 s, the
End routine announced the experiment’s ending.
The program automatically handled the data export and saved a CSV 昀椀le for each session.
This 昀椀le included the timestamps for every presented letter, the participant and session ID
as well as the volume at which the noise was introduced. Furthermore, if the participant’s
2-back task performance during the session needed to be rated, the 昀椀le provided whether
the answer for each letter was correct.
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Figure 5.3.: The implementation of the Trial routine in PsychoPy.

5.2. Preprocessing

In order to perform all preprocessing steps, the data from each session was imported into
pyCharm where it was read and converted to Pandas DataFrames [85] using Python 3.13.

5.2.1. Data Trimming

The 昀椀rst step was to trim the data according to the start and end of the experiment’s
initial and 昀椀nal phases using the corresponding timestamps in the PsychoPy export. Before
further steps could be taken, these timestamps had to be reformatted to match the
”datetime[64ns]” syntax, which was essential to the trimming and the alignment later on.
After reformatting and adjusting the data type, the start of the experiment was determined
by subtracting a time delta of 60 s from the 昀椀rst item in the timestamp column. This step
included the 60 s period before the 2-back task, during which the Rest phase occurred, and
excluded the time before the measurement when the brachial calibration took place. The
same process was applied to the last entry of the column to ascertain the overall end of
the experiment, adding an extra 1.2 s to account for the duration of the 昀椀nal iteration.
Both timestamps (expStart and expEnd) were then used as references for trimming the
Finapres and Biosignals datasets.
In the Finapres export, the time axis was represented by the time since the measurement
started. Since this prevented the start and end time calculation, a new column containing
timestamps was created. After once again adjusting the format of the measurement start
string in the Finapres 昀椀le header to match the “datetime[64ns]” syntax, each row of the
timestamp column was created by converting the time axis value to a timestamp with the
measurement start as the origin using the Pandas to_datetime() method. Then, all rows
before and after the expStart and expEnd were dropped from the DataFrame.
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The Biosignals dataset required additional preparation, as neither the timestamps nor
the time axis were readily accessible. After extracting the timestamp that indicated the
measurement start from the 昀椀le header, the time axis needed to be calculated before the
dataset could be trimmed. Each row of the output 昀椀le included the corresponding sample
number (n), which, along with the sampling frequency (fs) found in the header, was used
to compute the time axis using Equation 5.1.

t =
n

fs
(5.1)

Like the Finapres dataset, the now calculated time axis represented the time since the
start of the measurement, which was converted into timestamps and passed into a new
column. Again, all rows before and after the expStart and expEnd were dropped from the
DataFrame.
Figure 5.4 provides an example of the trimming process. Note that no other preprocessing
has been done, and both datasets still contain raw measured data as it was exported from
the device.

5.2.2. Feature Extraction

The pyEDA Python package [86] was used to extract the EDA features. It takes the
raw signal, the signal’s acquisition rate and the desired sampling frequency as inputs
to compute a multitude of features, not all relevant to the work in this thesis. For this
work, the EDA data was originally acquired at a rate of fs = 500Hz (in two cases 1000Hz)
and then downsampled to a sampling frequency of fs = 10Hz. Along with the cleaned
EDA-signal (EDA_clean), the phasic (EDA_phasic) and tonic (EDA_tonic) components
are provided at the new frequency by the package. The cleaned EDA signal was then
normalised to the mean value of the 昀椀rst 50 s of the Rest phase using Equations 5.2 and
5.3. Even though the pyEDA package includes an option to detect and count the peaks in
the input signal, this was not used, as the results showed severe shortcomings in the peak
detection when the data was inspected. This led to the approach of “manually” detecting
the peaks using the 昀椀nd_peaks() function included in the SciPy signal module [81] with
certain arguments ensuring better detection overall. Before applying the function, the
peak height of the phasic EDA relative to the tonic skin conductance level was calculated
(see Equation 5.4), ensuring the data was independent of participant-speci昀椀c factors. The
algorithm was used once to 昀椀nd all peaks with a height greater than 0.1 relative to the
tonic level and again to detect peaks with a prominence upwards of 0.02. Both data points
were combined, making sure not to include duplicates, and then counted for each phase
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Figure 5.4.: This 昀椀gure provides an example of the dataset trimming process. It compares the raw
BP and EDA data before and after trimming according to the expStart and expEnd
timestamps determined from the PsychoPy export 昀椀le. The visible gaps within the
Finapres graph result from active Physiocal calibrations, in which no reconstructed
values are computed. The broad EDA graph is due to oscillations coming from the
high sample frequency.

of the experiment. Because the Trial was twice as long as the Rest and Recovery phases,
the peak count was halved to represent a by-minute parameter. The process of separating
the EDA components, the normalisation of the cleaned signal and the peak detection is
visualised in Figure 5.5.

EDAbaseline =
1

n

n−1∑

i=0

EDA昀椀ltered, i, n = 500 (5.2)

EDAnorm, i =
EDA昀椀ltered, i
EDAbaseline

, i ∈ [0, 2400] (5.3)

EDAphasic rel., i =
EDAphasic, i
EDAtonic, i

, i ∈ [0, 2400] (5.4)

The computation of the HRV feature RMSSD was done via the NeuroKit2 package [87]. It
unites several di昀昀erent modules for neurophysiological signal processing and analysis. In
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Figure 5.5.: The EDA signal processing steps. The top plot shows the separation of phasic (EDA_pha-
sic) and tonic (EDA_tonic) components from the cleaned EDA-signal (EDA_clean). The
bottom plot presents the result of the peak detection process.

this case, the HRV module was used as it contains the necessary function for the feature
extraction. This module provides a single function for analysing all available features
that can be extracted from pulse wave peaks and includes a convenience function that
converts intervals into peaks. The latter is especially helpful, as the Finapres device only
exported the interbeat intervals (IBI) from the PPG sensor in the cu昀昀. After converting the
IBI data to peaks using the intervals_to_peaks() functions, the signal was input into the
hrv_time() function, which computed the time-domain features. However, because the
function analyses the signal as a whole and thus only provides one value, the signal had
to be split into the 10 s intervals proposed for the analysis, which resulted in 24 RMSSD
values.

5.2.3. Alignment

Once all preprocessing steps were completed, the two DataFrames containing the mea-
surements from Finapres and Biosignals export were combined using the join() function
of Pandas. For this, the timestamp columns of the datasets were set as their indices, on
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which they were then merged. By setting the method parameter “how” to “outer”, a union
of both datasets was formed and ensured no data was lost. Because the Finapres data was
only provided by the device with a sampling frequency of 1.25Hz, it had to be upsampled
to match the 10Hz rate of the Biosignal dataset. This was achieved by resampling the
already combined DataFrame to 10Hz, using the Pandas resample() method. In addition
to resampling the data, this method ensured that the dataset was trimmed within the
experiment time frame by implementing an origin on which it was based. The expStart
was used as the origin for the function. Furthermore, missing data points in the Finapres
data were linearly interpolated using the interpolate() method included in the Python
package.
After the alignment, additional columns containing the participant ID, the session type,
the session volume and a new time axis were added to the DataFrame before it was saved
in a CSV 昀椀le. The steps mentioned above were repeated for each session and participant,
resulting in 36 昀椀les in total.

5.3. Data Analysis Implementation

5.3.1. Column Selection

Since the measurements were separated into 36 昀椀les, they had to be selected and sorted
according to the features and volumes. Like the preprocessing, this was done in Python.
All 昀椀les were searched and selected automatically using a searching algorithm based on the
walk()method and the built-in osmodule. The 昀椀les were identi昀椀ed with a unique 昀椀lename
snippet, read into a Pandas DataFrame and then appended to a list which combined all
measurements. Then, all DataFrames were sorted based on their session type and volume.
The next step involved selecting each column with a speci昀椀c feature and volume or session
type, and inserting it into a dictionary that ultimately contained nine DataFrames, one
for each volume and session type. The measurements needed to be averaged over 24
ten-second intervals for the volume and interval analysis. For this, the DataFrames were
split into sections of 100 rows for which the mean value of each column was calculated.
The average of each row was then calculated to get the mean for all participants per
interval, which was needed for plotting the data. At this point, the DataFrame were
prepared for analysis and saved as CSV 昀椀les for further analysis in the future.

34



5.3.2. Interval Analysis

For the interval analysis, the di昀昀erence between each current interval and a reference
point—either the previous interval, the 昀椀rst interval of the phase, the last interval of the
Rest phase, or the last interval of the Trial phase—was calculated for all intervals and
features. These di昀昀erences were then checked for normality using the Shapiro-Wilk test
from the SciPy stats module (shapiro()). The Shapiro-Wilk test tested the null hypothesis
that the presented data is normally distributed [88]. If the test resulted in a p-value
higher than the signi昀椀cance level α = 0.05, the hypothesis was not discarded, and the data
was assumed to be normally distributed. For normally distributed data, the signi昀椀cance
was checked with another hypothesis test, the paired sample t-test. This tested the null
hypothesis that the two samples (i.e. measurements of two intervals) have the same mean
[89]. This time, if the p-value was below the signi昀椀cance level, the null hypothesis was
discarded, and the data was assumed to be signi昀椀cantly di昀昀erent. For the implementation,
the ttest_rel() function of the SciPy package was used. However, if the Shapiro-Wilk test
did not con昀椀rm normality, a Wilcoxon signed-rank test was used to determine signi昀椀cance.
The Wilcoxon signed-rank test is the non-parametric equivalent of the paired sample t-test
[90]. It was implemented via the wilcoxon() function of the stats module and used the
already calculated di昀昀erence between intervals as input. All p-values, along with the
overall mean values for all 10 s intervals, were combined into a new DataFrame that built
the basis for the results tables (A.2-A.16). This process was repeated for each comparison
and feature.

5.3.3. Volume Analysis

For the volume analysis, the features had to be normalised to the baseline for the volume
analysis 昀椀rst. This step was skipped for the normalised EDA, as it was already given in
relation to the baseline. The 昀椀rst 50 s were used as the baseline measurement. Similar
to Equations 5.2 and 5.3, the average was calculated and the features were computed in
relation to the baseline. Then, the di昀昀erences between each interval at noise exposure
and its counterpart at silence were calculated. Similarly to the interval analysis, these
di昀昀erences were checked for normality, and depending on the results of the Shapiro-Wilk
test, either a paired sample t-test or a Wilcoxon signed-rank test was performed to assess
signi昀椀cance. The p-values of the comparisons between sessions with noise and sessions
without were combined in a DataFrame and subsequently saved in a CSV 昀椀le.
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5.3.4. Questionnaire scoring

The questionnaires were presented in paper form during the experiments. Since the
questionnaires were 昀椀lled out manually, the socio-demographic data and responses were
entered into a Python script for processing. The script took the responses in the form and
inverted all questions marked with an asterisk (“*”) before scoring the surveys. Inversion
had to be done as some questions were postulated to indicate higher sensitivity to noise
or higher anxiety, while agreement with others would have meant the opposite. This
was done with questions 1, 3, 8, 9, 12, 14, 15 and 20 of the WNSS, questions 3, 4 and 7
of the Trait part and questions 1, 4, 6 and 10 of the State section of the questionnaire.
Then, the sum of all answers was calculated for each part of the questionnaire. Because a
short version was used for the STAI, the scores of both State and Trait were converted to
percentages using Equation 5.5.

raw = sum (ansi)

rel = (raw − 10) ·
100

70

(5.5)

The calculated scores were then saved in a CSV 昀椀le, along with the participant’s general
information. For the analysis, the scores of all participants were combined into a single
DataFrame and processed with the describe() function of the package. This provides the
mean, standard deviation, minimum, median and maximum values for all DataFrame
columns (e.g. Age, Height or WNSS). To analyse the State Anxiety Inventory results for
the in昀氀uence of noise, the di昀昀erences between the score for noise exposures and silence
were calculated for all participants. Then, they were checked for normality using the
Shapiro-Wilk test. The di昀昀erences were distributed normally for the comparison of volume
0 and volume 0.5, while they were not for the comparison of volume 1 and silence. Based
on this, a paired sample t-test was performed for the former and a Wilcoxon signed-rank
test for the latter.
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6. Results

In the following two sections, all results of the data analysis will be presented. Starting
with the results from the questionnaires, where the noise annoyance test is evaluated, and
both the WNSS and the Trait anxiety inventory are scored. Furthermore, the State anxiety
test is scored and subsequently examined for noise in昀氀uences on the score. Then, the
in-depth analysis of the physiological measurements is presented for each volume. This
includes the time-series comparisons, as well as the volume comparison for each feature.

6.1. Questionnaire Results

The two questions to assess the noise annoyance based on ISO/TS 15666:2021-05 standard
resulted in none of the participants being classi昀椀ed as highly annoyed. Answers ’very’
or ’extremely’ on the verbal scale and 8, 9, or 10 on the numerical scale corresponded
with highly annoyed. Only one participant answered with a 10 on the numeric scale,
but this was most likely a misunderstanding, as the same person answered “not at all”,
representing the lowest weighted answer on the verbal scale.
The results of the remaining questionnaire sections are presented in Table 6.1. The
Weinstein Noise Sensitivity Scale had a mean score of 49.83 out of 126 possible points,
with a standard deviation of 14.40, while the Trait anxiety questionnaire had an average
of 38.81% and a standard deviation of 18.23%.
When it comes to the State Anxiety Inventory, which was answered after each session,
the mean score for volume 0.5 was the highest with 32.74% and a standard deviation
of 18.83%, while the average and standard deviation for volume 1 and volume 0 were
31.90±18.55% and 29.29±13.83% respectively. However, both increases in scores were
insigni昀椀cant compared to the score at volume 0. Furthermore, it is noteworthy that the
standard deviation was larger when noise was included in the experiment.
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Table 6.1.: This table presents the questionnaire results. The maximal possible score for the WNSS
was 126, whereas the STAI scores were transformed into relative values. The rightmost
column contains the p-values for the comparison with the baseline score at volume 0. A
p-value below 0.05 was deemed signi昀椀cant.

Mean ± SD Min Median Max Compared to
Vol. 0 (p-value)

WNSS 49.83 ± 14.40 23 52 76
Trait 38.81 ± 18.23 % 14.29 % 37.14 % 68.57 %
State Vol. 0 29.29 ± 13.10 % 10.00 % 26.43 % 50.00 %
State Vol. 0.5 32.74 ± 18.83 % 7.14 % 31.43 % 68.57 % 0.478
State Vol. 1 31.90 ± 18.55 % 2.86 % 29.29 % 61.43 % 0.581

6.2. Analysis of Physiological Measures

This section provides all results from the analysis of physiological features. The timeline
analysis will be presented for each modality and volume, highlighting the signi昀椀cant
di昀昀erences for all four comparisons. Starting with the direct comparison, then the phase-
start and pre-trial comparison, and 昀椀nally the post-trial comparison (see Table 6.2 for
explanation). Additionally, the results of the volume analysis are given at the end of each
paragraph.

Table 6.2.: The explanation for each comparison made in the time series analysis.
Comparison Explanation Example
Consecutive Compared each 10 s interval to the

previous 10 s.
14 → 13

Phase-Start Compared each 10 s interval in a phase
to the 昀椀rst 10 s of the phase.

5 → 1 | 11 → 7 | 21 → 19

Pre-Trial Compared intervals 7-24 to the last 10 s
of Rest.

16 → 6

Post-Trial Compared intervals 19-24 to the last
10 s of Trial.

23 → 18
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6.2.1. Systolic Blood Pressure

The dynamic changes of systolic blood pressure (sBP) for each volume are shown in
Figure 6.1. Additionally, signi昀椀cant changes (p < 0.05) for each di昀昀erent comparison are
marked. See Tables A.2, A.3 and A.4 for numeric means, standard deviations and p-values
for all 10 s-intervals and volumes of the experiment.
When looking at the di昀昀erence between consecutive intervals, all three sessions only
occasionally revealed signi昀椀cant di昀昀erences. For volume 0, a signi昀椀cant increase was
recorded in interval 16, while the pressure signi昀椀cantly decreased in interval 20. For
volume 0.5, the pressure signi昀椀cantly fell only in interval 19, which was also the case
for volume 1. However, at volume 1, interval 10 was the only other section where the
blood pressure rose signi昀椀cantly compared to the preceding interval. Compared to the
phase-start, the pressure signi昀椀cantly increased for intervals 12, 13 and 16 to 18, while all
intervals from 20 to 23 did show signi昀椀cant decreases at volume 0. Meanwhile, at volume
0.5, there were signi昀椀cant increases in intervals 5 and 6 compared to the start of Rest.
Moreover, the systolic pressure increased in all intervals ranging from 11 to 16 and 18
compared to the start at interval 7. For volume 1, sBP signi昀椀cantly increased in sections
10 through 18 in relation to the start of the trial and signi昀椀cantly decreased from interval
21 until the end of the experiment compared to the start of Recovery. Compared to the
last interval before the trial, the pressure signi昀椀cantly increased in intervals 10 to 13, 16,
and 18 for volume 0, in intervals 10 to 18 for volume 0.5 and in all intervals from 11 to 18
for volume 1. Finally, the pressure signi昀椀cantly decreased in all intervals for all volumes,
except 19 at volume 0, compared to the last interval of Trial.
The volume analysis revealed an increase in systolic blood pressure for intervals 12 and 13
at volume 0.5 compared to the session without noise. This is also presented in Figure 6.6.

6.2.2. Diastolic Blood Pressure

The dynamic changes of diastolic blood pressure (dBP) for each volume are shown in
Figure 6.2. Additionally, signi昀椀cant changes (p < 0.05) for each di昀昀erent comparison are
marked. See Tables A.5, A.6 and A.7 for numeric means, standard deviations and p-values
for all 10 s-intervals and volumes of the experiment.
Compared to the previous interval, the pressure signi昀椀cantly increased only in intervals 4,
6 and 11 for volume 0, while no intervals did show signi昀椀cant increases for volumes 0.5 and
1. However, in interval 21 at volume 0, interval 19 at volume 0.5 and intervals 19, 20 and
24 at volume 1, the diastolic pressure decreased signi昀椀cantly compared to the preceding
10 s. At volume 0, the dBP signi昀椀cantly increased in the last interval of Rest compared to
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Figure 6.1.: The timeline changes in systolic blood pressure. The blue graph represents the mean
values for each interval, while the light-blue area resembles the standard deviation.
Furthermore, all intervals where signi昀椀cant changes occur are labelled with the corre-
sponding marker. The orange circles represent consecutive comparisons, the green
triangles indicate phase start comparisons, the red squares correspond to pre-trial
comparisons, and the purple stars indicate intervals where signi昀椀cant changes are
recorded compared to the last interval of the Trial phase.
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the start of the phase, as well as in intervals 11, 12, 13, 16 and 18 compared to the 昀椀rst
10 s of the Trial phase. During recovery, signi昀椀cant decreases happened in intervals 21
and 22 compared to interval 19. For volume 0, the pressure increased signi昀椀cantly in all
intervals 11 through 18, while at volume 1, it only increased in intervals 12 and 15-18.
No evidence for changes compared to the last 10 s of Rest was found for volume 0, while
the pressure signi昀椀cantly increased in all intervals from 10 to 18 compared to interval
6 for volume 0.5. Similarly, the dBP increased in intervals 11-18, except 13 at volume 1.
While the blood pressure only decreased in intervals 21 and 22 when compared to the last
section of the trial at volume 0, it signi昀椀cantly decreased in all intervals of the Recovery
phase at volume 0.5 and volume 1.
The volume analysis in Figure 6.6 shows that in intervals 23 and 24 at volume 1, the
diastolic blood pressure decreased compared to volume 0.

6.2.3. Heart Rate

The dynamic changes in heart rate (HR) for each volume are shown in Figure 6.3. Addi-
tionally, signi昀椀cant changes (p < 0.05) for each di昀昀erent comparison are marked. See
Tables A.8, A.9 and A.10 for numeric means, standard deviations and p-values for all
10 s-intervals and volumes of the experiment.
The heart rate increased at volume 0 in intervals 14 and 17 while it decreased in 3 and 21
compared to the interval before. At volume 0.5, only interval 12 did show a signi昀椀cant
decrease in heart rate. Whereas, for volume 1, the heart rate signi昀椀cantly increased in
intervals 8 and 17 and decreased in intervals 12 and 20, compared to the preceding
10 s. Decreases occurred in intervals 3, 4, 16, and 18 at volume 0 and 20-23 at volume1
compared to the 昀椀rst interval of the phase. Only interval 8 did show signi昀椀cant increases
at volume 1 compared to the 昀椀rst 10 s of Trial, whereas no evidence for changes was found
for volume 0.5. Compared to the last interval of the Rest phase, the heart rate decreased in
interval 22 for volume 0 and all intervals of the Recovery phase at volume 0.5. Whereas, for
volume 1, in intervals 8 to 10, the heart rate increased signi昀椀cantly in relation to interval
6. Furthermore, in intervals 20 to 23 of Recovery at volume 1, the heart rate decreased
compared to the last 10 s of the Trial phase, while no evidence for such changes was found
for volumes 0 and 0.5.
When comparing volume 0 and 1 to volume 0, the heart rate signi昀椀cantly decreased in
intervals 23 and 24 at volume 0.5, while it increased in interval 10 at volume 1 (see
Figure 6.6).
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Figure 6.2.: The timeline changes in diastolic blood pressure. The blue graph represents the mean
values for each interval, while the light-blue area resembles the standard deviation.
Furthermore, all intervals where signi昀椀cant changes occur are labelled with the corre-
sponding marker. The orange circles represent consecutive comparisons, the green
triangles indicate phase start comparisons, the red squares correspond to pre-trial
comparisons, and the purple stars indicate intervals where signi昀椀cant changes are
recorded compared to the last interval of the Trial phase.
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Figure 6.3.: The timeline changes in heart rate. The blue graph represents the mean values for each
interval, while the light-blue area resembles the standard deviation. Furthermore, all
intervals where signi昀椀cant changes occur are labelled with the corresponding marker.
The orange circles represent consecutive comparisons, the green triangles indicate
phase start comparisons, the red squares correspond to pre-trial comparisons, and the
purple stars indicate intervals where signi昀椀cant changes are recorded compared to
the last interval of the Trial phase.

43



6.2.4. Root Mean Squared Sequential Differences

The dynamic changes in the root mean square of successive di昀昀erences (RMSSD) for each
volume are shown in Figure 6.4. Additionally, signi昀椀cant changes (p < 0.05) for each
di昀昀erent comparison are marked. See Tables A.11, A.12 and A.13 for numeric means,
standard deviations and p-values for all 10 s-intervals and volumes of the experiment.
The RMSSD signi昀椀cantly increased in the second interval compared to the 昀椀rst for volume
0, in intervals 10 and 19 for volume 0.5 and in interval 22 for volume 1. Compared to the
昀椀rst interval of each phase, signi昀椀cant increases only occurred in interval 2 at volume 0
while decreases happened in interval 3 at volume 0 and 21 at volume 0.5. The RMSSD
only increased in interval 21 at volume 0.5 compared to the last 10 s. Furthermore, in
intervals 19 and 20, an increase compared to the last interval of the Trial phase happened
at volume 0.5, while for volume 1, a signi昀椀cant decrease occurred in the last interval of
the Recovery phase. Contrary to the timeline analysis, the volume analysis did not show
evidence of a signi昀椀cant di昀昀erence between noise exposure and quiet.

6.2.5. Baseline Normalised EDA Level

The dynamic changes of baseline normalised electrodermal activity (EDA) level for each
volume are shown in Figure 6.5. Additionally, signi昀椀cant changes (p < 0.05) for each
di昀昀erent comparison are marked. See Tables A.14, A.15 and A.16 for numeric means,
standard deviations and p-values for all 10 s-intervals and volume of the experiment.
At volume 0, the normalised EDA level signi昀椀cantly increased in interval 7, while it
decreased in intervals 4, 15, 18 and 21-23 compared to the preceding interval. For volume
0.5, the values increased in intervals 2, 7, and 8, whereas they decreased signi昀椀cantly
in 15 and 20-23. At volume 1, intervals 7 and 8 show increased normalised EDA and
decreased values for intervals 12, 13, 16, 18, 21, 22 and 23 compared to the previous 10 s.
Compared to the phase start, the activity only signi昀椀cantly increased in intervals 2 and 8
at volume 0.5 and intervals 8 and 9 at volume 1. Whereas it decreased in intervals 4, 5, 6
and 21 to 24 at volume 0, intervals 20 to 24 at volume 0.5 and 21 through 24 at volume 1.
Signi昀椀cant increases occurred in intervals 7-14 for volumes 0 and 1, while at volume 0.5, all
intervals 7-13, except 11, did show signi昀椀cant di昀昀erences compared to the last 10 s of the
Rest phase. The normalised EDA signi昀椀cantly decreased in all intervals from 21 to 24 for
all volumes. Although many intervals revealed signi昀椀cant di昀昀erences when compared to
intervals in the same session, no signi昀椀cant changes in normalised electrodermal activity
(EDA) were found when comparing di昀昀erent volumes (see Figure 6.6).
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Figure 6.4.: The timeline changes in RMSSD. The blue graph represents the mean values for each
interval, while the light-blue area resembles the standard deviation. Furthermore, all
intervals where signi昀椀cant changes occur are labelled with the corresponding marker.
The orange circles represent consecutive comparisons, the green triangles indicate
phase start comparisons, the red squares correspond to pre-trial comparisons, and the
purple stars indicate intervals where signi昀椀cant changes are recorded compared to
the last interval of the Trial phase.
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Figure 6.5.: The timeline changes of baseline normalised EDA level. The blue graph represents
the mean values for each interval, while the light-blue area resembles the standard
deviation. Furthermore, all intervals where signi昀椀cant changes occur are labelled
with the corresponding marker. The orange circles represent consecutive comparisons,
the green triangles indicate phase start comparisons, the red squares correspond to
pre-trial comparisons, and the purple stars indicate intervals where signi昀椀cant changes
are recorded compared to the last interval of the Trial phase.
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and 1. Signi昀椀cant di昀昀erences in each interval compared to volume 0 are marked by a
triangle in the corresponding colour. The direction of the triangle indicates whether
the value increases or decreases due to the noise. Tables A.17 and A.18 provide the
numeric p-values on which this is based on.
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6.2.6. EDA Peaks-Per-Minute

The results from the analysis of the EDA peaks-per-minute are presented in Table 6.3.
At volume 0, the mean number of peaks slightly increases from 3.06 ± 2.68 during Rest
to 3.25 ± 3.64 during Trial. Furthermore, during the Recovery phase, the average peak
rate dropped to 1.92 ± 2.15 again. However, the changes were not signi昀椀cant when
comparing the phases. Similar to volume 0, the amount of peaks per minute insigni昀椀cantly
increased from 3.83 ± 2.48 to 4.29 ± 3.12 going from Rest to Trial at volume 0.5. Again, the
peaks dropped to 1.15 ± 1.45 after the trial, but this time the di昀昀erences were signi昀椀cant
compared to both Trial and Rest. Comparable results were found for volume 1. At this
volume, the mean peak rate insigni昀椀cantly rose from 3.92 ± 2.31 to 4.5 ± 3.44 during
the Trial phase while signi昀椀cantly it decreased to 1.92 ± 1.83 during Recovery. Compared
to Rest, the average peak rate also decreased signi昀椀cantly during the last phase of the
experiment. Although some in-session comparisons revealed signi昀椀cant changes, no
evidence for signi昀椀cant in- or decreases was found for the volume comparison.
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Table 6.3.: The results of the peak rate analysis.
Volume 0

Mean ± SD Di昀昀erence to REST * Di昀昀erence to TRIAL *
REST 3.08 ± 2.68 — —
TRIAL 3.25 ± 3.64 0.801 —
RECOVERY 1.92 ± 2.15 0.073 0.110

Volume 0.5
Mean ± SD Di昀昀erence to REST * Di昀昀erence to TRIAL *

REST 3.83 ± 2.48 — —
TRIAL 4.29 ± 3.12 0.569 —
RECOVERY 1.15 ± 1.45 0.001 <0.001

Volume 1
Mean ± SD Di昀昀erence to REST * Di昀昀erence to TRIAL *

REST 3.92 ± 2.31 — —
TRIAL 4.50 ± 3.44 0.323 —
RECOVERY 1.92 ± 1.83 0.006 <0.001

Di昀昀erence to Volume 0 *
Vol. 0.5 Vol. 1

REST 0.056 0.227
TRIAL 0.101 0.097
RECOVERY 0.339 >0.99

* p-values
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7. Discussion

This chapter will discuss the results presented in Chapter 6. Each approach for analysing
physiological measurements and their results will be reviewed separately. Furthermore,
blood pressure and electrodermal activity will be compared to assess their capability to
detect stress. In the end, the questionnaire results and the physiological measures will be
compared to evaluate a possible disparity between physiological measures and subjective
judgment.
Before discussing the analysis, a short contextualization of the questionnaire results is
given. According to the noise annoyance assessment based on the ISO/TS 15666:2021-05,
none of the participants were classi昀椀ed as highly annoyed. The average score for the
Weinstein Noise Sensitivity Scale (WNSS) of 49.83 from possible 21-126 points (27.46%)
suggests that the study population was rather insensitive to noise. The average recorded
Trait Anxiety, which represents the general tendency to experience anxiety, was below
40%, indicating moderate anxiety among the participants during the time of testing.

7.1. Time Series Analysis

The time-series analysis incorporated a series of comparisons to shed light on the dynamic
changes that occur during an experiment combining noise exposure and a cognitive task.
The results have shown that in the 昀椀rst phase of the experiment, the Rest phase next to no
signi昀椀cant changes in physiological measures occurred. In some cases, the measurement
suggested relaxation during the phase. This was the case for the normalised EDA at
volume 0, as it decreased towards the end of the 昀椀rst section compared to the start of the
experiment. The heart rate did show similar signs of relaxation in the middle of Rest at
volume 0. This may be due to higher stress levels at the start of the measurement and the
curiosity or excitement that comes with it. Moreover, the participants’ focus on the static
screen while wearing the over-ear headphones, which isolated them acoustically, could
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have had a calming e昀昀ect and, therefore, reduced stress. However, some intervals did show
signi昀椀cant increases in blood pressure right before the start of the Trial phase. At volume
0.5, the sBP increased signi昀椀cantly in the last 20 s compared to the start of the experiment.
This could be since, for one, the anticipation of the 2-back task and noise exposure may
have led to increased stress, and for another, the 10 s countdown started in the last ten
seconds of Rest. The latter may have ampli昀椀ed the anticipation and heightened the stress
e昀昀ect. Another indicator of the possible in昀氀uence of the countdown is the increase of dBP
in the last interval of rest compared to the start and the preceding 10 s at volume 0. Yet,
the suggested e昀昀ect is not examined for any other modality, which lessens the likelihood
that the countdown signi昀椀cantly in昀氀uenced the measurement.
Contrary to the Rest phase, multiple 10 s intervals revealed signi昀椀cant signs of stress during
the Trial phase. This e昀昀ect occurred fastest for the normalised EDA, which did show
signi昀椀cant di昀昀erences right after the trial started for every volume. Moreover, the increase
in activity compared to the previous interval remained signi昀椀cant for the 昀椀rst 20 s of the
trial only volume 0.5 and volume 1. This could suggest that the addition of noise ampli昀椀ed
the e昀昀ect of the cognitive task on the participants. Furthermore, at volume 1, the EDA
increased further in interval 9 compared to the start of the trial, which could mean that
the higher intensity of noise had a greater e昀昀ect on the participant’s stress level compared
to the lower volume and quiet. Otherwise, no evidence for signi昀椀cant changes compared
to the 昀椀rst 10 s of Trial was found, suggesting that after the initial increase, the normalised
electrodermal activity decreased again. This decrease, however, would have happened
steadily in small steps as most intervals after the initial burst did not decrease signi昀椀cantly
compared to the preceding interval. Similar timelines were recorded regarding signi昀椀cant
di昀昀erences for all volumes when comparing an interval and the last 10 s of Rest. Up until
intervals 13 and 14, the EDA remained elevated compared to interval 6, which further
supports the assumption that the values only decreased slowly after the sudden increase.
Ten seconds after the start of the trial, in interval 8, the heart rate too had a signi昀椀cant
increase compared to the preceding interval and the last interval of Rest at volume 1. The
HR remained signi昀椀cantly higher during intervals 9 and 10. These results indicate that at
volume 1, the heart rate increased only during the 昀椀rst seconds of the trial with a delay of
approximately 10 s. For volume 0 and 0.5, signi昀椀cant changes only occurred occasionally,
and no increases in connection to the start of the trial or noise were recorded. That means
the heart rate may have only been a昀昀ected by the sound at volume 1, while lower volumes
and the n-back task did not in昀氀uence it signi昀椀cantly.
As for systolic blood pressure, a signi昀椀cant increase was recorded for the 昀椀rst time in
interval 10 for volumes 0 and 0.5 and in interval 11 for volume 1 compared to the last 10 s
of Rest. These increases did not happen abruptly, as there was no signi昀椀cant di昀昀erence
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compared to the preceding intervals. Furthermore, the increase of sBP in intervals 10 to 18
at volume 0, as well as 11 to 16 and 18 at volume 0.5, also support this claim. This suggests
that the systolic blood pressure levels rose only slowly but continuously throughout the
noise exposure. The fact that at volume 0, the series of intervals with signi昀椀cant di昀昀erence
compared to the last interval of rest and the 昀椀rst interval of the trial was interrupted
by sections without changes may suggest that the noise exposure ampli昀椀ed the stressful
e昀昀ect of the 2-back task. The root mean square of successive di昀昀erences did not show any
signs of in昀氀uence by either the cognitive task of the noise exposure. As the RMSSD is a
feature that mainly represents the activity of the PSNS, an e昀昀ect due to the trial would
have been expressed by signi昀椀cant decreases in the values.
During recovery, most features show decreased values corresponding with relaxation and
reduced stress. Contrary to the Trial where both BP parameters responded only after a
30–40 s delay, these features were the 昀椀rst to change in the Recovery phase. Immediately
after the Trial stopped, sBP and dBP dropped signi昀椀cantly compared to the last 10 s of
Trial for volumes 0.5 and 1. At volume 0, a signi昀椀cant decrease in relation to the Trial
昀椀rst occurred after another 10 s in interval 21. These di昀昀erences persisted throughout
the entire last phase of the experiment for all volumes, indicating a signi昀椀cant recovery
e昀昀ect. Both sBP and dBP showed no evidence for signi昀椀cant di昀昀erences compared to the
last interval before the Trial. This could indicate that BP levels decreased to similar levels
as before the test. Although no clear evidence for the countdown’s stressful e昀昀ect was
found, comparing the post-trial measurements to possibly already increased values would
distort the result and undermine this suggestion. Moreover, the fact that only at volume 1,
both systolic and diastolic pressure were consistently decreased during Recovery implies
that the higher volume resulted in a prolonged relaxation response from the participants.
The heart rate only decreased signi昀椀cantly compared to the Trial phase for volume 1.
This, together with the prolonged recovery of sBP levels, indicates a link between noise
intensity and hemodynamic recovery. Interestingly enough, for volume 0.5, during the
entire Recovery phase, the HR values decreased to lower values than before the trial, which
was not recorded by any other modality. This means that with the noise at volume 0.5, the
participant may have started the experiment with an already elevated heart rate, which
was not increased by the 2-back task and the noise but decreased slowly to the point where
the di昀昀erence was signi昀椀cant compared to the Rest phase. The normalised EDA showed
a signi昀椀cant and continuous decrease during the Recovery compared to the Trial for all
volumes. However, this was not as abrupt as with the BP levels and only occurred 20 s after
the end of the Trial. This might be due to the characteristics of the EDA measurement as
the device measures the skin conductivity and, therefore, is in昀氀uenced by the sweat gland
activity. Although the sweat glands are entirely neurally activated, a decrease would only
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be detected after some time as the skin surface remains moist. Again, the RMSSD fell
short when it came to indicating clear signs of change during the Recovery phase.
On a separate note, the peaks per minute were not as responsive as the normalised EDA
in detecting the onset of a stress response. The increase in the number of peaks from Rest
to Trial did not reach signi昀椀cance. However, comparing the Recovery phase to Trial and
Rest resulted in signi昀椀cant decreases for volumes 0 and 1. The decrease below the rate
recorded for the Rest phase suggests that the participants were already in an increased
stress state before the noise was introduced.
To summarise the time-series analysis, both normalised EDA and blood pressure were
most a昀昀ected by the experiment, followed by the heart rate. At the same time, the chosen
HRV feature did not show clear signs of in昀氀uence by the test. While the normalised EDA
was the fastest measurement to respond to the stressors presented in the test sessions,
the sBP and dBP were the 昀椀rst to show signs of recovery. Although the EDA and blood
pressure were similarly a昀昀ected by all volumes, the heart rate appeared to be in昀氀uenced
only by the onset of the noise at volume 1. This suggests that the increase in blood pressure
might be caused by higher peripheral resistance rather than a chronotropic e昀昀ect. These
results concur with those of Paunović et al. [62] who in昀氀uenced this approach by their
study on timeline changes of blood pressure during noise exposure. Although they used
1min intervals and longer exposure times in their analysis, their 昀椀ndings are re昀氀ected in
the time-series analysis of this work. They reported signi昀椀cant increases during the 昀椀rst
two minutes of noise exposure, equivalent to the entire noise exposure of this experiment,
which did also show signi昀椀cant increases during noise. However, this experiment further
shows that an increase might happen only after 30 s of noise. As for the recovery, the
results of this work show a signi昀椀cant decrease right after the noise exposure ended.
This is again also reported by Paunović et al. [62], who saw a signi昀椀cant decrease in
blood pressure in the 昀椀rst minute after the noise exposure. Furthermore, their timeline
analysis of heart rate shows a signi昀椀cant increase only in the 昀椀rst minute of noise for men.
Although this experiment included women, it also showed increased heart rate only after
the onset of noise, after which changes remained insigni昀椀cant.
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7.2. Noise Intensity and Stress Response Amplitude

The analysis of the physiological measurements regarding the in昀氀uence of noise intensity
on the stress response magnitude showed only a few signi昀椀cant di昀昀erences among the
features. The sBP increased signi昀椀cantly only in two intervals after 50 s of noise at volume
0.5 compared to the quiet session. One interval showed an increased heart rate after
30 s for noise exposure at volume 1. When only looking at the course of the mean values
and disregarding signi昀椀cance, both BP-features indicate the strongest in昀氀uence of noise
for volume 0.5, while silence and volume 1 show similar behaviour over the course of
the experiment. However, the mean normalised EDA suggests that noise at volume 1
in昀氀uenced the participants most, as higher levels are recorded throughout the experiment.
The mean heart rate and RMSSD did not show a clear trend of amplitude di昀昀erences
depending on the volume. The results of the State Anxiety Inventory also did not provide
signi昀椀cant di昀昀erences depending on the noise intensity. However, the mean percentages
increased in noise sessions and the highest value was recorded after noise at volume
0.5, which aligns with the results from the blood pressure measurements. Moreover, the
increased standard deviation in noise exposure sessions compared to no-noise sessions
suggests that some participants experienced heightened nervousness or agitation. To
summarise, no signi昀椀cant di昀昀erences or consistent trends linking noise intensity to the
magnitude of the human stress response were examined.

7.3. Limitations

During the assembly of this work, several study limitations became evident. While this
experiment provided insights into the dynamic stress response, its 昀椀ndings cannot be
fully generalised to real-life situations. One key limitation is the study population. The
Participants were predominantly young adults with average weight and blood pressure
and without relevant pre-existing conditions, which limits the results’ applicability to the
general public. Additionally, the small sample size likely ampli昀椀ed individual variations
in the outcomes. The study design also presented potential biases. Due to the way
sound exposure was implemented, participants were aware of session order and volume,
possibly introducing expectation bias. Gallasch et al. [61] reported that noise e昀昀ects
were strongest during the 昀椀rst exposure, suggesting a time-order e昀昀ect that may have
in昀氀uenced our results. While the session order was reviewed for trends, further analysis
was deemed unnecessary due to the small number of participants per sequence and
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inherent dependency on individual characteristics. Furthermore, conducting all sessions in
one sitting may have led to habituation, causing the strongest response to occur in the 昀椀rst
trial, regardless of noise presence. Another limitation may have been the short duration
and intensity of noise exposure. Compared to previous studies, the two-minute exposure
to road tra昀케c noise was relatively brief, potentially reducing or preventing a full stress
response. Although the validated noise recordings represent typical road tra昀케c noise
intensities [1], a greater di昀昀erence between noise levels could provide information about
the insigni昀椀cant trends observed in this study. Finally, measurement-related factors may
have in昀氀uenced the results. Although the blood pressure device was non-invasive, it was
not entirely unobtrusive. The cu昀昀 applied continuous pressure to the participant’s 昀椀nger,
creating a pulsating sensation, while the control system on the lower arm emitted a low-
intensity rushing noise. Both factors could have a昀昀ected the physiological measurements.
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8. Conclusion

This work investigated the noise-induced stress response through non-invasive continuous
昀椀nger arterial pressure measurement. Based on a comprehensive literature review, an
experimental study was designed and implemented to induce stress via an acoustic stressor
and a cognitive task. The physiological stress response was recorded with high temporal
resolution, and an in-depth time series analysis was conducted.
One goal was to assess the dynamic changes of the physiological measurement throughout
the course of the experiment. This was evaluated with a detailed time series analysis of 24
ten-second intervals. The results indicate that the autonomic reaction to stress is mediated
di昀昀erently by the recorded features. The blood pressure gradually increased once the
test started. After 30 s to 40 s, this increase became signi昀椀cant compared to the Rest
period before the test. During the Recovery, both systolic and diastolic pressure abruptly
decreased until a steady level was reached. On the contrary, the normalised electrodermal
activity responded in a sudden spike in the 昀椀rst twenty seconds, after which a slight but
continuous decrease was recorded. The heart rate was seemingly only in昀氀uenced by the
high-intensity noise, as a peak ten seconds after the onset and a decrease during Recovery
was examined. The RMSSD, calculated form 10 s-intervals, did not provide evidence to
conclude a link between the experiment and the heart rate variability.
Furthermore, this work set out to examine the in昀氀uence of di昀昀erent noise intensities on
the dynamic and magnitude of the stress response. The results could not show a signi昀椀cant
and consistent correlation between noise volume and the amplitude of the physiological
reactions. The results of the systolic blood pressure suggest that noise at volume 0.5 had
the highest in昀氀uence on the participants. The results of the other measurements do not
support this claim, as amplitude di昀昀erences due to noise were not recorded. However,
di昀昀erences in the dynamic response were observed for blood pressure and heart rate. For
noise exposure sessions, the pressure levels signi昀椀cantly decreased immediately after the
test. While in the session without noise, a signi昀椀cant drop compared to the trial was only
detected after ten seconds. As mentioned above, the heart rate was only in昀氀uenced by
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the noise at volume 1, whereas the sessions at volumes 0.5 and 0 did not show signs of
in昀氀uence by the test.
Finally, the continuous non-invasive blood pressure (cNIBP) was evaluated as an indicator
for stress, compared to the electrodermal activity. This work has shown that the mea-
surements of both blood pressure and electrodermal activity can detect the human stress
response with high temporal resolution. The usage of cNIBP measurement devices, like
the Finapres® NOVA, does provide novelty to the 昀椀eld of human stress research. Even
though EDA did outperform the BP parameters in terms of latency, when it came to the
dynamics of recovery, both systolic and diastolic pressure showed signi昀椀cant changes
faster than the EDA. The results suggest that for detecting the onset of the human stress
response, the electrodermal activity remains the better option. However, continuous blood
pressure monitoring is advantageous when the interest lies in the dynamic changes during
stress recovery.
Future research should rerun the proposed study with an increased population size
to minimise individual e昀昀ects and analyse a possible time-order e昀昀ect. An extended
noise exposure and recovery phase would further capitalise on the advantages of cNIBP
measurements and provide detailed information on the dynamic of the human stress
response. To better understand the relationship between noise intensity and stress
response, future studies should use more distinctly varied noise levels.
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Glossary

ISO/TS 15666:2021-05 Technical speci昀椀cation by the International Organization for Stan-
dardization (ISO) dealing with the assessment of noise annoyance by means of social
and socio-acoustic surveys [72]. 20, 37, 50

KISMED Künstliche Intelligente Systeme der Medizin ist der führende Arbeitskreis an
der TU Darmstadt der sich mit mit dem Thema KI in der Medizin befasst. 18

PsychoPy An open source software package written in Python primarily for use in neuro-
science and experimental psychology research. 18, 27, 30
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A. Appendix - Materials

A.1. Similar Publications

Table A.1.: Table with similar publications. These are papers in the realm of stress detection that
used at least one of the methods included in this work.

Publications EDA BP Similar Noise Type N-Back Task
Abbasi et al. [91] 4

Airij et al. [92] 4

Alvarsson et al. [64] 4

Anusha et al. [93] 4

Cecchi et al. [94] 4

Ellermeier et al. [95] 4 4

Gallasch et al. [61] 4 4

Giakoumis et al. [96] 4

Greco et al. [97] 4

Giuliani et al. [98] 4

Han et al. [99] 4

Healey et al. [100] 4

Hedblom et al. [101] 4

Holube et al. [102] 4

Hossain et al. [103] 4

Hosseini et al. [104] 4

Huysmans et al. [105] 4

Iadarola et al. [66] 4

Katsis et al. [106] 4

Continued on next page
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Publications EDA BP Similar Noise Type N-Back Task
Khalilzadeh et al. [107] 4

Kim et al. [108] 4

Kristiansen et al. [60] 4

Kurniawan et al. [109] 4

Lee et al. [110] 4

Lee et al. [24] 4 4

Li et al. [111] 4

Lu et al. [59] 4

Maaoui et al. [112]
Mackersie et al. [113] 4

Mackersie et al. [114] 4

McDu昀昀 et al. [115] 4

McDu昀昀 et al. [116]
Minguillon et al. [117] 4

Paunović et al. [62] 4 4

Pedrotti et al. [118] 4

Radun et al. [119] 4

Ren et al. [120] 4

Sadeghian et al. [121] 4

Salzman et al. [122]
Setz et al. [123] 4

Sharma et al. [124] 4

Sim et al. [22] 4 4

Suko et al. [63] 4

Trimmel et al. [65] 4

Vila et al. [125] 4

Walker et al. [26] 4

Wijsman et al. [126] 4

Wijsman et al. [127] 4

Zhai et al. [128] 4

Zhou et al. [129] 4
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A.2. Step-By-Step Instructions

1. Turn on all measuring devices, perform the zeroing of the HCU and reset the Finapres
system time to be synchronised with the laptop. Connect the Ag/AgCl electrode to
the EDA sensor and initialise the Bluetooth® connection between the laptop and the
acquisition hub.

2. Welcome the participant, o昀昀er them a glass of water, and ask them to turn o昀昀 all
device noti昀椀cations. Then, ask them to remove their jacket, hoodie, and all hand/arm
jewellery. Ensure no pre-existing cardiovascular disease or hearing impairments are
known.

3. Inform the participant about the scope of the experiment, the data gathered, and
the study’s goal. Make it clear that the experiment can be stopped at any time if
the participant feels unwell. Their data is gathered anonymously and can only be
discarded during and immediately after the experiment.

4. Have the participant answer the questionnaire up to 4.1 (including). Then, using the
information on the 昀椀rst page of the questionnaire, set up the Finapres measurement.

5. Connect the Finapres cu昀昀, the EDA sensors on the left hand, and the arm cu昀昀 on
the right arm. Explain the sequence of the test phases and the instructions for the
2-back task.

6. Explain that a calibration period of about 2.5min is needed for the BP device to be
accurate and that during this time, the arm cu昀昀 will be in昀氀ated. (During this time,
recording of EDA and BP is started, and the PsychoPy test is set up.)

7. After the brachial calibration is 昀椀nished, the experimenter gives the signal to start
the test by pressing the space bar.

8. Stop the recording of both devices approx. 10 s after the test is 昀椀nished to ensure
all data is gathered correctly. Ask the participant to answer the next page of the
questionnaire. Meanwhile, export all the recordings.

9. Repeat steps 5, 6 and 7 twice with di昀昀erent settings for the PsychoPy test, ensuring
not to forget the questionnaire and the data export.

10. Remove all sensors from the participant and disinfect them.

76



 

 

 

 
 

Questionnaire 

Continuous Measurement of Finger-Arterial Blood Pressure 

for Evaluating Noise induced Stress 

 KIS*MED AI Systems in Medicine 

  
 
 

Date:   _____________ 

Exp. ID:  _____________ 

Exp.Type:  _____________ 
  

 

 

 

 

A.3. Questionaire
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Experiment ID.: _____________                                                              

 1 

1. Persönliche Daten (personal data) 

Geschlecht (sex)  m (m)  w (f)  d (nb) 

Alter (age) ____________________ Jahre (years) 

Gewicht (weigth) ____________________ kg (±0,5 kg) 

Körpergröße (height) ____________________ cm 

Raucher:in (smoker)  Ja (yes)  Nein (no)  k. A. (N/A) 

 

2. Noise Annoyance (ISO/TS 15666) 

Wenn Sie einmal an die letzten 12 Monate denken, wie stark haben Sie sich durch 
Verkehrslärm insgesamt gestört oder belästigt gefühlt? 
Thinking about the last 12 months, how much does road traffic noise bother, disturb, or annoy you? 

 

  Überhaupt nicht (not at all) 

 Etwas (slightly) 

 Mittelmäßig (moderately) 

 Stark (very) 

 Äußerst (extremely) 

 

Es folgt eine Messlatte von Null bis Zehn, auf der Sie angeben können, wie sehr Sie 
Verkehrslärm insgesamt gestört oder belästigt hat. Wenn Sie sich äußerst gestört oder 
belästigt fühlten, wählen Sie die Zehn, wenn Sie sich überhaupt nicht gestört oder belästigt 
fühlten, geben Sie bitte die Null an, und wenn Sie irgendwo dazwischen liegen, wählen Sie 
eine Zahl zwischen Null und Zehn. 
Wenn Sie nun an die letzten 12 Monate denken, welche Zahl zwischen Null und Zehn gibt am 
besten an, wie stark Sie sich durch Verkehrslärm insgesamt gestört oder belästigt fühlten? 
Next is a zero to ten opinion scale for how much road traffic noise bothers, disturbs or annoys you. If you are not at all annoyed choose 

zero, if you are extremely annoyed choose ten, if you are somewhere in between choose a number between zero and ten.  

Thinking about the last 12 months, what number from zero to ten best shows how much you are bothered, disturbed, or annoyed by road 

traffic noise? 

 

           

0 1 2 3 4 5 6 7 8 9 10 
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Experiment ID.: _____________                                                              

 2 

3. Weinstein Noise Sensitivity Scale 

Nun folgt eine Reihe von Aussagen bezüglich individueller Reaktionen auf Lärm. 
Nachdem Sie die Aussagen gelesen haben, kreuzen sie bitte das Kästchen an, welche ihr Level 
an Zustimmung widerspiegelt. Nutzen Sie die gegebene Skala: 
Below are a number of statements addressing individual reactions to noise. After reading each statement, please circle the number that best 

represents your level of agreement with the statement. For each item, please use the following scale:  

 

Stimme gar nicht zu 
(strongly disagree) 

1 2 3 4 5 6 Stimme sehr zu 
(strongly agree) 

 

 FRAGEN (QUESTIONS) 1 2 3 4 5 6 

1. Es würde mir nichts ausmachen, an einer lauten Straße zu 
wohnen, wenn meine Wohnung schön wäre. 
I wouldn’t mind living on a noisy street if the apartment I had was nice. * 

      

2. Mir fällt Lärm heutzutage mehr auf als früher. 
I am more aware of noise than I used to be.  

      

3. Es sollte niemanden groß stören, wenn jemand ab und zu eine 
Stereoanlage voll aufdreht. 
No one should mind much if someone turns up his or her stereo full blast once in a while. * 
 

      

4. Im Kino stört mich Flüstern und Rascheln von Bonbonpapier. 
At movies, whispering and crinkling candy wrappers disturb me.  

 

      

5. Ich werde leicht durch Lärm geweckt. 
I am easily awakened by noise.  

 

      

6. Wenn es an meinem Arbeitsplatz laut ist, dann versuche ich, Tür 
oder Fenster zu schließen oder anderswo weiterzuarbeiten. 
If it’s noisy where I’m studying, I try to close the door or window or move someplace else.  

 

      

7. Es ärgert mich, wenn meine Nachbarn laut werden. 
I get annoyed when my neighbors are noisy.  

      

8. An die meisten Geräusche gewöhne ich mich ohne große 
Schwierigkeiten. 
I get used to most noises without much difficulty. * 

      

9. Es würde mir etwas ausmachen, wenn eine Wohnung, die ich 
gerne mieten würde, gegenüber der Feuerwache läge. 
It would matter to me if an apartment I was interested in renting were located across from a fire 

station. * 

      

10. Manchmal gehen mir Geräusche auf die Nerven und ärgern mich. 
Sometimes noises get on my nerves and get me irritated.  

      

11. Sogar Musik, die ich eigentlich mag, stört mich, wenn ich mich 
konzentrieren möchte. 
Even music I normally like will bother me if I’m trying to concentrate.  
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Experiment ID.: _____________                                                              

 3 

12. Es würde mich nicht stören, die Alltagsgeräusche meiner 
Nachbarn (z.B. Schritte, Wasserrauschen) zu hören. 
It wouldn’t bother me to hear the sounds of everyday living from neighbours 

(footsteps, running water, etc.). * 

      

13. Wenn ich allein sein möchte, stören mich Geräusche von 
außerhalb. 
When I want to be alone, it disturbs me to hear outside noises.  

      

14. Ich kann mich gut konzentrieren, egal was um mich herum 
geschieht. 
I’m good at concentrating no matter what is going on around me. * 

      

15. In der Bibliothek macht es mir nichts aus, wenn sich Leute 
unterhalten, solange dies leise geschieht.  
In a library, I don’t mind if people carry on a conversation if they do it quietly. * 

      

16. Oft wünsche ich mir völlige Stille. 
There are often times when I want complete silence.  

      

17. Motorräder sollten besser schallgedämpft sein. 
Motorcycles ought to be required to have bigger mufflers.  

      

18. Es fällt mir schwer, mich an einem lauten Ort zu entspannen. 
I find it hard to relax in a place that’s noisy.  

      

19. Ich werde wütend auf Leute, die Lärm machen, der mich vom 
Einschlafen oder vom Fortkommen in der Arbeit abhält. 
I get mad at people who make noise that keeps me from falling asleep or getting work done. 

      

20. Es würde mir nichts ausmachen, in einer Wohnung mit dünnen 
Wänden zu leben. 
I wouldn’t mind living in an apartment with thin walls. * 

      

21. Ich bin geräuschempfindlich. 
I am sensitive to noise. 

      

 

  

80



 

Experiment ID.: _____________                                                              

 4 

4. State Trait Anxiety Inventory 

4.1. Trait Anxiety 

Bitte geben Sie an, wie oft folgende Aussagen auf Sie zutreffen. Bei "fast nie" kreuzen Sie ganz 
links, bei "fast immer" ganz rechts an. Mit den Kästchen dazwischen können Sie abstufen.  
Please indicate how often the following statements apply to you. Mark "almost never" on the far left and "almost always" on the far right. You 

can use the boxes in between to indicate varying degrees. 

 

fast nie 
(almost never) 

1 2 3 4 5 6 7 8 fast immer 
(almost always) 

 

 FRAGEN (QUESTIONS) 1 2 3 4 5 6 7 8 

1. Ich werde schnell müde. 
I get tired quickly. 

        

2. Ich verpasse günstige Gelegenheiten, weil ich 
mich nicht schnell genug entscheiden kann. 
I miss favourable opportunities because I cannot decide quickly enough. 

        

3. Ich bin ruhig und gelassen. 
I am calm and composed. * 

        

4. Ich bin glücklich. 
I am happy. * 

        

5. Ich neige dazu, alles schwer zu nehmen. 
I am inclines to take things hard. 

        

6. Mir fehlt es an Selbstvertrauen. 
I lack self-confidence. 

        

7. Ich fühle mich geborgen. 
I feel secure. * 

        

8. Ich fühle mich niedergeschlagen. 
I feel downhearted. 

        

9. Unwichtige Gedanken gehen mir durch den Kopf 
und bedrücken mich. 
Unimportant thoughts run through my mind and weigh me down. 

        

10

. 

Ich werde nervös und unruhig, wenn ich an 
meine derzeitigen Angelegenheiten denke. 
I become nervous and restless when I think about my current concerns. 
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Experiment ID.: _____________                                                             Session: _____________ 

 5 

4.2. State Anxiety 

Wie sehr treffen die folgenden Gefühlsbeschreibungen im Moment auf Sie zu? Kreuzen Sie 
das auf Sie passende Kästchen an. Es gibt keine richtigen oder falschen Antworten. Überlegen 
Sie bitte nicht lange und entscheiden Sie dann, wie stark das betreffende Gefühl im Moment 
bei Ihnen vorhanden ist.  
Read each statement and select the appropriate response to indicate how you feel right now, that is, at this very moment. There are no right or 

wrong answers. Do not spend too much time on any one statement but give the answer which seems to describe your present feelings best. 

 

überhaupt nicht 
(not at all) 

1 2 3 4 5 6 7 8 ganz und gar 
(very much so) 

 

 FRAGEN (QUESTIONS) 1 2 3 4 5 6 7 8 

1. Ich bin ruhig. 
I feel calm. * 

        

2. Ich fühle mich angespannt.  
I feel tense. 

        

3. Ich bin aufgeregt. 
I feel upset. 

        

4. Ich fühle mich ausgeruht. 
I feel at ease. * 

        

5. Ich bin beunruhigt. 
I feel frightened. 

        

6. Ich fühle mich selbstsicher. 
I feel self-confident. * 

        

7. Ich bin nervös. 
I feel nervous. 

        

8. Ich bin überreizt. 
I feel overwhelmed. 

        

9. Ich bin besorgt. 
I am worried. 

        

10. Ich bin vergnügt. 
I feel pleasant. * 
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Experiment ID.: _____________                                                             Session: _____________ 

 6 

Wie sehr treffen die folgenden Gefühlsbeschreibungen im Moment auf Sie zu? Kreuzen Sie 
das auf Sie passende Kästchen an. Es gibt keine richtigen oder falschen Antworten. Überlegen 
Sie bitte nicht lange und entscheiden Sie dann, wie stark das betreffende Gefühl im Moment 
bei Ihnen vorhanden ist.  
Read each statement and select the appropriate response to indicate how you feel right now, that is, at this very moment. There are no right or 

wrong answers. Do not spend too much time on any one statement but give the answer which seems to describe your present feelings best. 

 

überhaupt nicht 
(not at all) 

1 2 3 4 5 6 7 8 ganz und gar 
(very much so) 

 

 FRAGEN (QUESTIONS) 1 2 3 4 5 6 7 8 

1. Ich bin ruhig. 
I feel calm. * 

        

2. Ich fühle mich angespannt.  
I feel tense. 

        

3. Ich bin aufgeregt. 
I feel upset. 

        

4. Ich fühle mich ausgeruht. 
I feel at ease. * 

        

5. Ich bin beunruhigt. 
I feel frightened. 

        

6. Ich fühle mich selbstsicher. 
I feel self-confident. * 

        

7. Ich bin nervös. 
I feel nervous. 

        

8. Ich bin überreizt. 
I feel overwhelmed. 

        

9. Ich bin besorgt. 
I am worried. 

        

10. Ich bin vergnügt. 
I feel pleasant. * 
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Experiment ID.: _____________                                                             Session: _____________ 

 7 

Wie sehr treffen die folgenden Gefühlsbeschreibungen im Moment auf Sie zu? Kreuzen Sie 
das auf Sie passende Kästchen an. Es gibt keine richtigen oder falschen Antworten. Überlegen 
Sie bitte nicht lange und entscheiden Sie dann, wie stark das betreffende Gefühl im Moment 
bei Ihnen vorhanden ist.  
Read each statement and select the appropriate response to indicate how you feel right now, that is, at this very moment. There are no right or 

wrong answers. Do not spend too much time on any one statement but give the answer which seems to describe your present feelings best. 

 

überhaupt nicht 
(not at all) 

1 2 3 4 5 6 7 8 ganz und gar 
(very much so) 

 

 FRAGEN (QUESTIONS) 1 2 3 4 5 6 7 8 

1. Ich bin ruhig. 
I feel calm. * 

        

2. Ich fühle mich angespannt.  
I feel tense. 

        

3. Ich bin aufgeregt. 
I feel upset. 

        

4. Ich fühle mich ausgeruht. 
I feel at ease. * 

        

5. Ich bin beunruhigt. 
I feel frightened. 

        

6. Ich fühle mich selbstsicher. 
I feel self-confident. * 

        

7. Ich bin nervös. 
I feel nervous. 

        

8. Ich bin überreizt. 
I feel overwhelmed. 

        

9. Ich bin besorgt. 
I am worried. 

        

10. Ich bin vergnügt. 
I feel pleasant. * 
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Table A.17.: Volume analysis for Volume 0.5. The table shows the statistical evaluation of di昀昀erences
for each 10-second interval at Volume 0 compared to silence. All p-values < 0.05 were
deemed signi昀椀cant. Intervals 0-5 are not included, as they were used as the baseline
reference.
Exp. Phase
and 10 s interval reSYS reDIA HR RMSSD norm. EDA

Rest 6 0.381 0.982 0.360 0.670 0.233
Trial 7 0.471 0.367 0.513 0.925 0.424

8 0.465 0.366 0.985 0.862 0.424
9 0.733 0.336 0.738 0.622 0.491
10 0.123 0.190 0.476 0.499 0.779
11 0.088 0.566 0.450 0.182 0.728
12 0.021 0.157 0.885 0.289 0.479
13 0.005 0.108 0.746 0.424 0.521
14 0.151 0.158 0.697 0.975 0.683
15 0.057 0.120 0.580 0.211 0.590
16 0.333 0.357 0.831 0.236 0.757
17 0.144 0.168 0.497 0.229 0.853
18 0.195 0.383 0.395 0.077 0.827

Recovery 19 0.316 0.869 0.110 0.470 0.822
20 0.910 0.995 0.064 0.560 0.914
21 0.110 0.195 0.244 0.511 0.861
22 0.470 0.212 0.139 0.873 0.843
23 0.176 0.622 0.031 0.629 0.750
24 0.233 0.856 0.001 0.707 0.622
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Table A.18.: Volume analysis for Volume 1. The table shows the statistical evaluation of di昀昀erences
for each 10-second interval at Volume 1 compared to silence. All p-values < 0.05 were
deemed signi昀椀cant. Intervals 0-5 are not included, as they were used as the baseline
reference.
Exp. Phase
and 10 s interval reSYS reDIA HR RMSSD norm. EDA

Rest 6 0.633 0.158 0.110 0.506 0.791
Trial 7 0.233 0.929 0.217 0.580 0.503

8 0.884 0.499 0.363 0.379 0.174
9 0.812 0.582 0.290 0.938 0.233
10 0.823 0.658 0.047 0.281 0.301
11 0.936 0.357 0.115 0.137 0.569
12 >0.999 0.635 0.683 0.211 0.850
13 0.380 0.640 0.995 0.299 >0.999
14 0.399 0.525 0.976 0.596 0.791
15 0.226 0.582 0.755 0.770 0.850
16 0.648 0.666 0.587 0.310 0.970
17 0.970 0.826 0.662 0.164 0.970
18 0.773 0.754 0.339 0.683 >0.999

Recovery 19 0.530 0.791 0.947 0.843 0.850
20 0.850 0.083 0.424 0.794 0.910
21 0.910 0.124 0.733 0.106 0.850
22 0.717 0.125 0.329 0.242 0.569
23 0.135 0.023 0.174 0.546 0.519
24 0.204 0.007 0.327 0.111 0.470
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