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ABSTRACT 

Improving mental health and cognition is highly desirable due to the important impact they 

have on individual quality of life and societal functioning. Making mental health and cognitive 

enhancement interventions accessible, affordable, and low-effort is crucial to ensuring that 

they reach as many people as possible. There are many open questions in this area. Some 

of them are: How can we improve the effectiveness of light therapy against seasonal 

affective disorder? Does “more light” help more? Does supplementing creatine improve 

cognition? How effective are self-help apps against anxiety? How do different 

psychotherapeutic exercises compare to each other? 

This thesis addresses these questions by presenting results from three studies designed to 

test accessible interventions for mental health and cognitive improvement. All studies were 

randomised, controlled, and double-blind or partially blind, and followed the CONSORT 

reporting guidelines and Open Science principles. Data were analysed using frequentist 

(standard and robust) statistics as well as Bayesian statistics. 

Study 1, a feasibility study, found that BRight, whole-ROom, All-Day (BROAD) light therapy 

against seasonal affective disorder was feasible and that the effectiveness of the therapy 

correlated positively with illuminance at eye level. Study 2 was somewhat inconclusive, with 

no significant effect of creatine on cognition (frequentist statistics), weak evidence for a small 

effect, and strong evidence against a large effect (Bayesian statistics). Study 3 found that the 

12 exercises of the Mind Ease self-help app against anxiety, based on cognitive behavioural 

therapy, mindfulness, and acceptance and commitment therapy, had large effects on 

immediate anxiety levels. Mindfulness exercises had particularly large effects. Overall, a 

broad picture of interventions to improve mental health and cognition is provided and best 

practices in methods and statistics shared by the three studies are discussed. 
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ZUSAMMENFASSUNG 

Die Verbesserung der psychischen Gesundheit und der kognitiven Fähigkeiten ist äußerst 

wünschenswert, da sie einen großen Einfluss auf die individuelle Lebensqualität und das 

Funktionieren der Gesellschaft haben. Um sicherzustellen, dass möglichst viele Menschen 

davon profitieren, ist es wichtig, dass Maßnahmen zur Verbesserung der psychischen 

Gesundheit und der kognitiven Fähigkeiten zugänglich, erschwinglich und mit geringem 

Aufwand verbunden sind. In diesem Bereich gibt es viele offene Fragen. Einige davon sind: 

Wie können wir die Wirksamkeit der Lichttherapie bei der saisonal-affektiven Störung 

verbessern? Hilft „mehr Licht“ mehr? Verbessert die Einnahme von Kreatin die Kognition? 

Wie wirksam sind Selbsthilfe-Apps gegen Angstzustände? Wie schneiden verschiedene 

psychotherapeutische Übungen im Vergleich zueinander ab? 

Die vorliegende Arbeit nimmt sich dieser Fragen an, indem sie die Ergebnisse von drei 

Studien vorstellt, in denen zugängliche Interventionen zur Verbesserung der psychischen 

Gesundheit und der kognitiven Fähigkeiten getestet wurden. Alle Studien waren 

randomisiert, kontrolliert und doppelblind oder teilverblindet und folgten den 

CONSORT-Berichterstattungsrichtlinien und den Open Science Grundsätzen. Die Daten 

wurden mit Hilfe der frequentistischen (Standard- und robusten) Statistik sowie der 

Bayesischen Statistik analysiert. 

Studie 1, eine Machbarkeitsstudie, ergab, dass die BROAD-Lichttherapie (BRight, 

whole-ROom, All-Day) gegen die saisonal-affektive Störung machbar war und die 

Wirksamkeit der Therapie positiv mit der Beleuchtungsstärke auf Augenhöhe korrelierte. 

Studie 2 war nicht eindeutig, denn sie ergab keine signifikante Wirkung von Kreatin auf die 

Kognition (frequentistische Statistik), aber schwache Evidenz für eine kleine Wirkung und 

starke Evidenz gegen eine große Wirkung (Bayesische Statistik). Studie 3 ergab, dass die 

12 Übungen der Mind Ease App zur Selbsthilfe gegen Angst, die auf der kognitiven 
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Verhaltenstherapie, der Achtsamkeit und der Akzeptanz- und Commitment-Therapie 

basieren, große Auswirkungen auf das unmittelbare Angstniveau hatten. 

Achtsamkeitsübungen hatten besonders große Effekte. Insgesamt wird ein breites Bild von 

Interventionen zur Verbesserung der psychischen Gesundheit und der Kognition vorgestellt, 

und es werden best practice Methoden und Statistiken aus den drei Studien diskutiert. 
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1 INTRODUCTION 

1.1 Improving mental health and cognition 

Improving mental health and cognition is highly desirable due to the important impact they 

have on functioning and quality of life. The American Psychological Association defines 

mental health as “a state of mind characterized by emotional well-being, good behavioral 

adjustment, relative freedom from anxiety and disabling symptoms, and a capacity to 

establish constructive relationships and cope with the ordinary demands and stresses of life” 

(American Psychological Association, 2018b). Cognition, on the other hand, refers to “all 

forms of knowing and awareness, such as perceiving, conceiving, remembering, reasoning, 

judging, imagining, and problem solving” (American Psychological Association, 2018a). 

Together, mental health and cognition are essential for functioning across all domains of life, 

from personal goals and relationships to professional performance, and improving them may 

offer benefits both on an individual and societal level. This dissertation aims to investigate 

innovative and accessible interventions for improving mental health and cognition. 

1.1.1 Mental health 

Mental health conditions are highly prevalent. About 1 in 8 people, almost 1 billion people 

worldwide, live with a mental health condition. Depression (over 300 million people in 2017) 

and anxiety are the most common mental health conditions and increased by 25% during the 

first year of the COVID-19 pandemic (World Health Organization, 2022).  

Mental health is essential to quality of life. Years of healthy life lost to disability (YLDs) 

measure loss of quality of life by assigning weights to different conditions multiplying the 

weight by the duration. Globally, depression is responsible for 7.5% and anxiety for 3.4% of 

all YLDs (World Health Organization, 2017). In total, mental health conditions are 

 

https://paperpile.com/c/hOx5LH/ylbTJ
https://paperpile.com/c/hOx5LH/2W4UL
https://paperpile.com/c/hOx5LH/glS93
https://paperpile.com/c/hOx5LH/KcvvC
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responsible for 1 in 6 years of YLDs (World Health Organization, 2022). In 2015, the United 

Nations included improving mental health in their Sustainable Development Goals, which 

means they consider it a priority (Votruba et al., 2016). 

Mental health treatment works to some extent. There are a number of interventions that 

have been found to improve mental health conditions, such as psychotherapy and 

medication (Roshanaei-Moghaddam et al., 2011). Overall, psychotherapy and psychiatric 

medication have been found to be similarly effective with effect sizes of about half a standard 

deviation, although the exact size of the effect and which treatment performs best varies 

between disorders (Huhn et al., 2014). This is similar to the effectiveness of general medical 

drugs, which also produce an effect of half a standard deviation on average (Leucht et al., 

2012).  

Many people do not have access to mental health treatments, so scaling them up is 

important (more on this in sections 1.2 and 1.4.3). However, these interventions are not 

always fully successful, so improving them is also desirable. For example, a recurrent type of 

depression called seasonal affective disorder has been found to improve with light therapy, 

but in many cases, this treatment only partially restores mental health (more on this in 

section 1.4.1).  

It is more expensive not to treat mental health conditions than to treat them. It is estimated 

that for every euro we as a society invest into scaling up the treatment of depression and 

anxiety, we save 2.3-3.0 euros (Chisholm et al., 2016). Hence, expanding treatment 

provision is not only defensible on compassionate grounds but also constitutes a sound 

economic decision. 

1.1.2 Cognition 

Cognition is crucial to functioning. Cognitive performance predicts academic, professional, 

and financial success (Bertua et al., 2005; Ng et al., 2005; Roth et al., 2015; Strenze, 2007; 

 

https://paperpile.com/c/hOx5LH/glS93
https://paperpile.com/c/hOx5LH/iuxB1
https://paperpile.com/c/hOx5LH/GYhos
https://paperpile.com/c/hOx5LH/xvKIU
https://paperpile.com/c/hOx5LH/GWQT3
https://paperpile.com/c/hOx5LH/GWQT3
https://paperpile.com/c/hOx5LH/xTtiy
https://paperpile.com/c/hOx5LH/wOP5z+qtKVb+VXuEP+qvcwZ+0EE8c
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Zaboski et al., 2018). Better cognitive performance is also associated with better health, 

longevity, and well-being (Gottfredson & Deary, 2004; Sternberg et al., 2001) (reviewed by 

Breit et al. (2022)). 

Given how important cognitive performance is, it is not surprising that there have been many 

attempts to improve it. Some of these attempts were very successful. For example, 

governments and non-governmental organisations have successfully improved the cognitive 

performance of their citizens with large scale interventions aimed at increasing iodine intake 

(Qian et al., 2005), eliminating lead exposure (Soong et al., 1999), preventing diseases such 

as malaria (Fernando et al., 2010; Pierre-Louis et al., 2010), and of course improving 

(access to) education (Sternberg et al., 2001). Some of these interventions might be 

considered to alleviate cognitive impairment, while interventions such as education might be 

considered to enhance cognition. While this distinction is currently widely used e.g. in 

medical insurance, it has also been contested as hard to draw, arbitrary and not a good 

guide for how to prioritise interventions (Bostrom & Sandberg, 2009; Daniels, 2000). For 

example, an individual with a “naturally” lower ability using an “enhancement” method might 

still perform worse than an individual with a “naturally” high ability (possibly even if the latter 

acquires a nutritional deficiency, illness, or injury that lowers performance). A nutritional 

supplement with only preliminary evidence supporting its effectiveness might be regarded as 

an optional enhancer, but if the evidence strengthened, and especially if it was a nutrient 

found “naturally” in some diets, it seems conceivable that it would not be long until a low 

level of this nutrient would be considered a deficiency. I use the term “improve” in a neutral 

way that applies to all levels of functioning. Interventions individuals can take to improve 

their cognitive performance include exercise (Chang et al., 2012; Etnier & Chang, 2019), 

good sleep (Alhola & Polo-Kantola, 2007; Killgore & Weber, 2014), and ventilation (Du et al., 

2020). A question that has received considerable public interest is whether cognitive 

performance can be improved with other supplements. Many compounds have been 

 

https://paperpile.com/c/hOx5LH/wOP5z+qtKVb+VXuEP+qvcwZ+0EE8c
https://paperpile.com/c/hOx5LH/tUJxz+ktfMD
https://paperpile.com/c/hOx5LH/MWqfp/?noauthor=1
https://paperpile.com/c/hOx5LH/WWCA5
https://paperpile.com/c/hOx5LH/arY4n
https://paperpile.com/c/hOx5LH/W3lW0+0WWae
https://paperpile.com/c/hOx5LH/ktfMD
https://paperpile.com/c/hOx5LH/ht5e+cVOO
https://paperpile.com/c/hOx5LH/3h17A+RflEn
https://paperpile.com/c/hOx5LH/x5fn5+BA5bC
https://paperpile.com/c/hOx5LH/4PWY6
https://paperpile.com/c/hOx5LH/4PWY6
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suggested but only very few, such as creatine (more on this in section 1.4.3), seem at least 

somewhat promising. 

1.1.3 Link between mental health and cognition 

As mentioned before, mental health and cognitive performance correlate positively with each 

other. For example, cognitive performance has been found to be associated with positive 

affect and life satisfaction (Ali et al., 2013), lower self-rated levels of depression and other 

mental health problems (Khandaker et al., 2018) and fewer mental health conditions (Batty 

et al., 2005) (reviewed in Jokela (2022)). 

Many interventions improve both mental health and cognitive performance. A good example 

for this is exercise, which has considerable effects on both cognitive performance and 

mental health conditions, especially anxiety and depression (Mikkelsen et al., 2017; Parry et 

al., 2018). Mindfulness meditation, well-known for improving mental health, has also been 

found to improve cognitive performance (Zeidan et al., 2010). Light therapy, a first-line 

treatment for seasonal affective disorder and possibly of help in other depressive disorders, 

has been found to also improve alertness and executive function in healthy individuals as 

well as in individuals with seasonal affective disorder (Huang et al., 2024). There is some 

very preliminary evidence that creatine might improve both cognitive performance in healthy 

adults (more on this in section 1.4.2) and depression (Bakian et al., 2020). 

1.2 Accessibility 

Making tools to improve mental health and cognition widely available, low-cost, and low 

effort is valuable for several reasons, including increasing inclusivity, improving adherence, 

and offering scalable solutions to large-scale public health challenges.  

Many individuals face barriers to mental health and cognition interventions (World Health 

Organization, 2022). Psychotherapy can be unaffordable if not covered by insurance. Due to 

 

https://paperpile.com/c/hOx5LH/lSA5L
https://paperpile.com/c/hOx5LH/M3836
https://paperpile.com/c/hOx5LH/6xSsf
https://paperpile.com/c/hOx5LH/6xSsf
https://paperpile.com/c/hOx5LH/7bYTx/?noauthor=1
https://paperpile.com/c/hOx5LH/gGjxO+LiVdO
https://paperpile.com/c/hOx5LH/gGjxO+LiVdO
https://paperpile.com/c/hOx5LH/QNACl
https://paperpile.com/c/hOx5LH/HDhY
https://paperpile.com/c/hOx5LH/mZMzz
https://paperpile.com/c/hOx5LH/glS93
https://paperpile.com/c/hOx5LH/glS93
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the low supply of psychotherapists relative to demand, appointments can be hard to obtain. 

This is true in high-income countries and even more so in middle- and low-income countries. 

In particular in rural areas, distance to the provider can hinder treatment. Stigma is another 

main barrier to mental health treatment. Overcoming these barriers is the topic of Study 3. 

Seasonal affective disorder, which is depression recurring in winter, might be avoided by 

moving to a different climate zone (Rosen et al., 1990). However, for many individuals, this 

solution is not feasible due to cost or personal or professional attachments and 

commitments. Standard light therapy lamps do not have these barriers, but they limit 

movement for a while in the morning, as patients have to sit with their eyes very close (e.g. 

10-20cm) to the lamp, and they often do not cause full remittance (Pjrek et al., 2020). More 

summer-like conditions might be achieved by spending all day in a clinic light room, but for 

many patients this is not available or practical. Study 1 investigated an accessible alternative 

to the clinic light room (more on this in section 1.4.3). 

Supplements for cognitive enhancement can be expensive (and often at the same time, 

lacking in evidence) (Global Council on Brain Health, 2019). Other interventions, such as 

transcranial magnetic stimulation or mental training, are similarly unavailable to many. 

Exercise and improvements in sleep are in theory more accessible, but many find them hard 

to implement. Study 2 tests a cheap, widely available and low effort potential intervention for 

cognitive enhancement – creatine supplementation.  

1.3 Neural mechanisms 

In the following, I will describe the neural mechanisms underlying the interventions used in 

the studies included in this thesis. All three interventions target the prefrontal cortex (PFC).  

 

https://paperpile.com/c/hOx5LH/mCy9
https://paperpile.com/c/hOx5LH/vMTBO
https://paperpile.com/c/hOx5LH/Tbgi
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1.3.1 Light therapy for seasonal affective disorder 

Major depressive disorder, like all depressive disorders, is characterised by “sad, empty, or 

irritable mood, accompanied by somatic and cognitive changes that significantly affect the 

individual's capacity to function” (American Psychiatric Association, 2013). These symptoms 

have to last for at least two weeks at a time. Study 1 is about light therapy for a subtype of 

major depressive disorder: major depressive disorder (recurrent episode) with a winter 

seasonal pattern, also known as seasonal affective disorder (SAD). SAD patients have most 

of their episodes of major depressive disorder in autumn/winter and remit in spring/summer. 

SAD occurs in places with periods of little sunlight, i.e. in places that are far from the 

equator. Diagnostic interviews suggest the rate of SAD stands at around 3.4% in Zurich, 

Switzerland (Wirz-Justice et al., 2019), 2.9% in Toronto, Canada (Levitt et al., 2000), and 

2.4% in North Wales (Michalak et al., 2001) (Blazer et al., 1998). Lack of sunlight is thought 

to be a primary cause of SAD (Levitan, 2007). 

Light therapy with bright white light (commonly 10,000 lux provided by a light therapy lamp 

for half an hour in the morning) has been found to reduce the symptoms of SAD. Lux is a 

measure of illuminance defined as one lumen evenly distributed over one square meter. 

Lumen is a measure of the amount of visible light emitted by a bulb. For reference, typically 

rooms have an illuminance of 90-180 lux (Cajochen et al., 2000). 

According to the phase-shifting hypothesis, one mechanism through which light therapy 

benefits seasonal affective disorder is by shifting the circadian rhythm, i.e. the day-night 

cycle of the body. Light affects the circadian rhythm in two ways (Lewy et al., 2006):  

●​ The information that light is entering the eye is transported to the suprachiasmatic 

nucleus (SCN) of the hypothalamus (Figure 1). The SCN contains a group of neurons 

and is found above the optic chiasm. The SCN is the body’s master pacemaker or 

biological clock, regulating the circadian rhythm of many processes in the body.  

●​ Light entering the eye suppresses the secretion of the sleep-hormone melatonin.  

 

https://paperpile.com/c/hOx5LH/qSpq
https://paperpile.com/c/hOx5LH/aDG9z
https://paperpile.com/c/hOx5LH/zm70h
https://paperpile.com/c/hOx5LH/LRFG5
https://paperpile.com/c/hOx5LH/tXl4u
https://paperpile.com/c/hOx5LH/5DJu
https://paperpile.com/c/hOx5LH/05oSo
https://paperpile.com/c/hOx5LH/DOSuF
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Figure 1. The suprachiasmatic nucleus (SCN). a) A coronal MRI scan of a human brain with 
the SCN shown in the magnified cutout. b) Functions and projections of the SCN. 

From Hastings, M.H., Maywood, E.S. & Brancaccio, M. Generation of circadian rhythms in the suprachiasmatic 
nucleus. Nat Rev Neurosci 19, 453–469 (2018). https://doi.org/10.1038/s41583-018-0026-z 

 

Light in the morning advances the circadian rhythm, while light in the evening delays it. Light 

in the morning has been found to be generally more effective against SAD than light in the 

evening. The phase-shifting hypothesis explains this by saying that the missing morning light 

in winter delays the circadian rhythm, which causes depressive symptoms in some people. A 

small minority of SAD patients might benefit from evening light instead of morning light, 

because their circadian rhythm is advanced by the missing evening light in winter (Huang et 

al., 2024). 

Huang et al. (2024) argues that additional mechanisms might be at play, because: 1) light 

therapy seems to improve non-seasonal depression too, 2) higher illuminance is necessary 

for the antidepressant effect (5000 lux of white light) than for the phase-shifting effect (120 

lux of white light), 3) phase shifting does not consistently predict improvement. Other 

sources report antidepressant effects for less than 5000 lux of white light, but still 

 

https://doi.org/10.1038/s41583-018-0026-z
https://paperpile.com/c/hOx5LH/HDhY
https://paperpile.com/c/hOx5LH/HDhY
https://paperpile.com/c/hOx5LH/HDhY/?noauthor=1
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substantially higher than 120 lux (such as 2500 lux) (J. L. Anderson et al., 2009). Huang et 

al. (2024) identified only two human neuroimaging studies on light therapy. They are not with 

SAD patients but nevertheless valuable for understanding how light therapy might affect 

mood. Fisher et al. (2014) investigated the effect of light therapy in the brain’s threat circuit in 

healthy individuals. They found that three weeks of morning light therapy reduced activity in 

the PFC and the amygdala while viewing pictures of fearful and angry faces. In addition, light 

therapy strengthened the connection between these two areas and between different areas 

within the PFC. The latter was in part moderated by the 5-HTTLPR 

(serotonin-transporter-linked promoter region) genotype. The results of this study suggest 

that the antidepressant effect of light therapy is due to effects on serotonin and the threat 

circuit of the brain. 

Ma et al. (2020) investigated the effects of two weeks of morning light therapy on the 

salience circuit of the brain in individuals with subclinical sleep disturbances. The salience 

circuit consists mainly of the insula, anterior cingulate cortex, and thalamus. This study found 

that light therapy improved sleep and reduced the functional connectivity of the right anterior 

insula. Other studies (M. C. Chen et al., 2014; Nofzinger et al., 2004; Wang et al., 2016) 

have found that when the insula is hyperactive, people experience negative emotions before 

sleep and have difficulty falling asleep. Taken together, these studies suggest that the insula 

might play a role in light therapy. 

Other studies have investigated the non-visual effects of light on the brain in other contexts. 

Non-visual effects, e.g. on alertness, outlast visual effects and can therefore be 

differentiated. They found that non-visual effects of light included an increased activation in 

the occipito-parietal network, decreased activation in the hypothalamus (Perrin et al., 2004), 

and increased dynamic responses in the posterior thalamus and subcortical regions 

supporting attentional effects (Vandewalle et al., 2006). Blue light (450 to 480 nm) is 

considered the most physiologically active wavelength. A lower intensity of blue light 

compared to white light is necessary to induce shifts in the circadian rhythm. Melanopsin, a 

 

https://paperpile.com/c/hOx5LH/Zvw0
https://paperpile.com/c/hOx5LH/HDhY/?noauthor=1
https://paperpile.com/c/hOx5LH/61MEy/?noauthor=1
https://paperpile.com/c/hOx5LH/5v8v3/?noauthor=1
https://paperpile.com/c/hOx5LH/qY8l9+a9iqR+wLbMf
https://paperpile.com/c/hOx5LH/nMCCM
https://paperpile.com/c/hOx5LH/deYf4
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photopigment in the retina responsible for the circadian effects of light, is most sensitive to 

blue light. This can also be seen in the brain: compared with green light exposure, blue light 

exposure led to changes in the left intraparietal sulcus, supramarginal gyrus, right insula, left 

middle frontal gyrus, and left thalamus (Vandewalle et al., 2007). 

1.3.2 Creatine supplementation for cognition 

Creatine has a crucial role in providing cells with energy by maintaining the level of 

adenosine triphosphate (ATP), which is the energy currency of the cell (Figure 2). Creatine is 

synthesized from methionine, arginine, and glycine in the brain, liver, kidneys, and pancreas 

(Rawson & Venezia, 2011). It is present in meat and to a small extent in dairy products and 

can also be taken as a supplement synthesised out of sarcosine and cyanamide in the 

laboratory (Smith & Tan, 2006).  

Due to their high and fluctuating energy demands, creatine is particularly important for 

muscle and brain cells. It is well known that creatine supplementation increases muscle 

creatine and improves muscle performance. It is much less understood to what extent brain 

creatine and brain performance are affected by creatine supplementation. Creatine can enter 

the brain through the blood-brain barrier via a membrane protein called the creatine 

transporter. The creatine transporter is relatively rare in the blood-brain barrier and is further 

downregulated by incoming creatine, which might limit creatine from entering the brain, 

especially in the long term (Candow et al., 2023).  

A clear case where supplemented creatine nevertheless passes the blood-brain barrier to a 

relevant extent and drastically improves brain performance is in individuals with cerebral 

creatine deficiency syndromes. Cerebral creatine deficiency syndromes are rare and come 

in three forms: 1) AGAT enzyme deficiency, 2) GAMT enzyme deficiency, 3) creatine 

transporter deficiency. The first two affect creatine synthesis and the third affects, as the 

name says, creatine transport. All three cause intellectual disability. When found early in life, 
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the first two are successfully treated with creatine supplementation (J. F. Clark & Cecil, 

2015). Unfortunately, there is no reliable treatment for the last one yet but treatments are 

being studied (J. Li & Xu, 2023). 

Studies measuring the effect of creatine supplementation on human brain creatine levels 

have been few, small, and heterogeneous. Overall, they seem to indicate that supplementing 

creatine can be successful at elevating brain creatine levels, but to a lesser extent than 

muscle creatine levels. In the following, I will focus on studies in healthy adults, as they are 

the population in Study 2. The main cognitive tasks in Study 2 were the Backwards Digit 

Span, which is a verbal working memory task, and Raven’s Advanced Progressive Matrices, 

which is an abstract reasoning task. The brain areas of interest for the Backwards Digit Span 

include the auditory phonological loop (inferior parietal lobule and inferior frontal operculum), 

the salience network (anterior insula and dorsal anterior cingulate cortex), and the central 

executive network, which includes the lateral prefrontal cortex (R. Li et al., 2012; Papagno et 

al., 2017). Abstract reasoning tasks have been linked to the multiple demand network 

(insula, the cerebellum, and broad fronto-parietal areas) and the re-evaluation network 

(frontal pole and frontal orbital cortex, superior and middle frontal gyri, angular gyrus, 

bilateral occipital regions, and cerebellum) (Zurrin et al., 2024). The available studies 

described below only partly cover these brain areas but they nevertheless help answer the 

more general question of if and to what extent supplemented creatine reaches the brain in 

healthy adults.  

Dechent et al. (1999) tested the effect of creatine supplementation on brain creatine in the 

thalamus, the cerebellum, grey matter, and white matter “by means of quantitative localized 

proton magnetic resonance spectroscopy in vivo (2.0 T, stimulated echo acquisition mode 

sequence; repetition time = 6,000 ms, echo time = 20 ms, middle interval = 10 ms, 

automated spectral evaluation)”. They found a trend for a single 20g dose of creatine in 6 

healthy young adults increasing brain total creatine by 7.7% in the thalamus, 3.1% in grey 

matter, and 3.1% in white matter. After 28 days of this dose, brain total creatine increased by 
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14.6% (p = .01) in the thalamus, 5.4% (p = .03) in the cerebellum, .4.7% (p = .05) in grey 

matter, and 11.5% (p = .02) in white matter. Lyoo et al. (2003) found that creatine 

supplementation significantly increased brain creatine (Cr) and marginally increased brain 

phosphocreatine by 3.9% in 15 healthy men (10 in creatine group, 5 in placebo group). In 

this study, creatine resonance was measured using proton 1H-MRS and phosphocreatine 

was measured by phosphorus 31P-MRS. No effect on brain creatine was found in a study by 

Wilkinson et al. (2006) with 20g/day creatine supplementation for 5 days in 18 healthy men 

(12 in creatine group, 6 in placebo group) using single-voxel proton magnetic resonance 

spectroscopy of the deep frontal cerebral white matter. Pan and Takahashi (2007) used 

high-field MR (31)P and (1)H spectroscopic imaging to study the effect of 20g creatine 

supplementation for 7 days on various measures of cerebral energetics in 12 healthy adults 

and concluded that “[creatine] supplementation appears to improve high-energy phosphate 

turnover in healthy brain and can result in either a decrease or an increase in high-energy 

phosphate concentrations”. Turner et al. (2015) used MRI to investigate the effect of 20g 

creatine supplementation for 7 days on brain creatine in 15 healthy adults in a 

placebo-controlled cross-over design with a 5-week washout period. They found a creatine 

increase of 5.9% in the brain area studied, a mixed sensorimotor grey and white matter 

voxel. Solis et al. (2017) studied the effect of supplementing 0.3g/day creatine per kg 

bodyweight (e.g. 21g for a 70kg individual) for 7 days on brain creatine. This study used 

phosphorus magnetic resonance spectroscopy (31P-MRS) and had different populations: 14 

vegetarian adults, 17 omnivore adults, 18 elderly individuals and 15 children. Creatine 

supplementation did not significantly change brain phosphocreatine in any of these groups 

(-0.7% to +3.9%). This study also tested changes in muscle phosphocreatine with the same 

method and found it significantly increased after creatine supplementation.  

In addition to the aforementioned studies on healthy adults, there have also been a few 

studies on the effect of creatine supplementation on brain creatine in different populations. A 

study in healthy children found no effect (Merege-Filho et al., 2017) in the studied areas (left 
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dorsolateral prefrontal cortex, left hippocampus, and occipital lobe). In sleep-deprived 

participants (Gordji-Nejad et al., 2024) and in several populations of patients with 

depression, creatine supplementation has been found to significantly increase brain creatine 

levels (Hellem et al., 2015; Kondo et al., 2011, 2016). This is consistent with other studies 

that suggest that impaired bioenergetics might be a factor in sleep-deprivation (Harper et al., 

2013; Weigend et al., 2019) and in depression (Gardner & Boles, 2011; Klinedinst & 

Regenold, 2015). The mechanisms and potential effects of creatine monohydrate on 

measures of brain function are summarised in Figure 2. 

 

Figure 2. Mechanisms and potential effects of creatine monohydrate on measures of brain 
function. ADP, adenosine diphosphate; ATP, adenosine triphosphate; CRT, creatine 
transporter, MtCK, mitochondrial creatine kinase; NMR, nuclear magnetic resonance; PCr, 
phosphocreatine.  

From Candow, D. G., Forbes, S. C., Ostojic, S. M., Konstantinos Prokopidis, Stock, M. S., Harmon, K. K., & 
Faulkner, P. (2023). Correction to: “Heads Up” for Creatine Supplementation and its Potential Applications for 
Brain Health and Function. Sports Medicine, 54(1), 235–236. https://doi.org/10.1007/s40279-023-01888-z 
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1.3.3. Psychotherapeutic exercises for anxiety 

Anxiety disorders are characterised by “excessive fear and anxiety and related behavioral 

disturbances” (American Psychiatric Association, 2013). Examples for anxiety disorders are 

panic disorder, generalised anxiety disorder, and social anxiety disorder. Panic disorder is 

characterised by sudden, repeated episodes of intense fear called panic attacks, often 

accompanied by physical symptoms such as heart palpitations, sweating, and shortness of 

breath. Generalised anxiety disorder is marked by persistent and excessive worry about 

multiple areas of life, causing restlessness, difficulty concentrating, and sleep disturbances. 

Social anxiety disorder involves an overwhelming fear of social situations due to concerns 

about being judged or scrutinised by others, which can lead to avoidance of these situations. 

Cognitive behavioural therapy (CBT) helps individuals identify and challenge unhelpful 

thought patterns, learn coping strategies, and gradually face anxiety-provoking situations, 

thereby reducing symptoms and improving daily functioning (Hofmann, 2011). 

Mindfulness-based therapies focus on cultivating a non-judgemental awareness of the 

present moment, helping individuals observe anxious thoughts and emotions without being 

controlled by them (Williams & Penman, 2011). 

The brain’s fear circuit includes limbic structures such as the amygdala, hippocampus, 

striatum, anterior cingulate cortex, and insula. A review (Brooks & Stein, 2015) concluded 

that the fear circuit is overactive in anxiety disorders and that cognitive behavioural therapy 

(CBT) improves symptoms of anxiety by improving the control the prefrontal cortex (PFC) 

has on this circuit. 

Two studies investigated the neural effects of CBT in panic disorder. Kircher et al. (2013) 

found that CBT improved panic symptoms by reducing the activity in the left inferior frontal 

gyrus in the PFC and increasing the connectivity between regions of the fear circuit 

(amygdalae, insulae, anterior cingulate cortex) and the inferior frontal gyrus. Lueken et al. 
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(2013) found that after CBT, the amygdala, hippocampus, and right pregenual anterior 

cingulate cortex were less active when presented with a safety signal. The greatest symptom 

improvements were observed when the connectivity was increased between the amygdala 

and the anterior cingulate cortex. 

Several studies suggest that CBT improves generalised anxiety disorder by activating the 

PFC and improving its control over the amygdala, insula and hippocampus when processing 

emotional stimuli (Ball et al., 2014; Fonzo et al., 2014; Maslowsky et al., 2010; McClure et 

al., 2007). Similarly, several studies suggest that CBT improves social anxiety by activating 

the occipito-temporal PFC, which improves control of the limbic circuit (Doehrmann et al., 

2013; P. R. Goldin et al., 2013, 2014; Klumpp et al., 2013). In two studies, Mansson et al. 

found that internet-delivered CBT improved social anxiety by reducing activation of the 

amygdala and increasing connectivity between the amygdala, the anterior cingulate cortex, 

and the PFC (Månsson et al., 2013, 2015). 

Studies on the neural effects of mindfulness-based therapies have found many overlapping 

neural circuits between mindfulness and CBT. Goldin et al. (2021) prompted participants to 

react, accept, or reappraise negative self-beliefs before and after 12 weeks of group CBT, a 

group-based mindfulness intervention called mindfulness-based stress reduction, or a 

waitlist control. Reacting means an unguided response, accepting is a mechanism 

commonly associated with mindfulness, while reappraising is a mechanism commonly 

associated with CBT. Interestingly, Goldin et al. (2021) found that CBT and mindfulness 

reduced symptoms of social anxiety via the same brain circuits related to reappraisal and 

acceptance. Both CBT and mindfulness increased activation in the dorsomedial prefrontal 

cortex (DMPFC) and dorsal anterior cingulate cortex (dACC) when reacting. CBT and 

mindfulness increased activation in DMPFC, dACC, left dorsolateral prefrontal cortex 

(DLPFC), left ventrolateral prefrontal cortex (VLPFC), left supramarginal gyrus, left posterior 

superior temporal gyrus, and thalamus during reappraisal. CBT and mindfulness increased 

activation in the left DLPFC, DMPFC, dACC, and thalamus during acceptance. Results by 
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Hölzel et al. (2013) indicated that mindfulness improved generalised anxiety disorder by 

decreasing amygdala activation, increasing ventrolateral PFC activation and increasing 

amygdala-PFC functional connectivity. Goldin et al. (2013) found that mindfulness-based 

therapy was more effective than aerobic exercise at improving social anxiety. The 

improvement was associated with increased activation of the prefrontal cortex and 

attention-related parietal cortical regions.  

 

Figure 3. Neural correlates of anxiety and related disorders.  

From Brooks, S. J., & Stein, D. J. (2015). A systematic review of the neural bases of psychotherapy for anxiety 
and related disorders. Anxiety, 17(3), 261–279. https://doi.org/10.31887/dcns.2015.17.3/sbrooks 

 

1.4 Motivations 

1.4.1 Motivation for Study 1 

The standard of care for seasonal affective disorder (SAD) is light therapy with a standard 

light therapy lamp providing 10,000 lux for half an hour in the morning or alternatively, 5000 
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lux for one hour or 2500 lux for two hours (I. M. Anderson et al., 2008; Bauer et al., 2013; 

Gelenberg et al., 2010; Kurlansik & Ibay, 2012; Mårtensson et al., 2015; Praschak-Rieder & 

Willeit, 2003; Ravindran et al., 2009; Terman & Terman, 2005).  

Treatment with a standard light therapy lamp has been found to reduce the symptoms of 

SAD in many studies. However, many patients do not experience complete remission 

(Golden et al., 2005; Mårtensson et al., 2015; Pjrek et al., 2020). Patients feel better during 

the spring and summer months, so we hypothesise that the fact that they do not fully remit 

with the standard treatment is due to ways in which it differs from summer conditions. The 

standard treatment differs from summer conditions in various ways. During summer, bright 

light exposure is longer, many hours instead of half an hour. Summer light is broad and often 

covers the whole visual field, while standard light therapy lamps only cover a smaller part. 

While standard light therapy lamps provide broadly similar illuminance to summer conditions 

if the instructed distance to the lamp is kept, in practice, treatments with the most common 

commercially available light therapy lamps likely provide less than 10,000 lux, because to 

receive 10,000 lux, patients’ eyes have to be very close (e.g. 10-20 cm) to the lamp, which 

severely restricts activities that are possible during treatment and as a consequence might 

not be followed by patients (D. H. W. Li et al., 2010; Matour et al., 2017).  

Light rooms in clinics are a different form of light therapy. These rooms are evenly and 

brightly lit. Studies on light rooms have found positive neurological and psychological effects 

in SAD patients and other patient populations (Canazei et al., 2017; Kripke et al., 1983, 

1992; Rastad et al., 2008, 2011, 2017; Stain-Malmgren et al., 1998; Thalén et al., 1995; Van 

Someren et al., 1997; Wirz-Justice et al., 1999). However, visiting a clinic light room is not 

practical for many patients. The clinic light rooms reported in the literature provided patients 

with 1100 to 4300 lux for a maximum of 3 hours. The set-up of the new treatment tested in 

Study 1 was based on interviews with SAD patients who have experimented with lighting 

solutions similar to clinic-based light rooms but in their own home (e.g. Chapman (2023)). 

These patients reported finding their experimental set-ups more effective than a standard 
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light therapy lamp. To our knowledge, this is the first study to include both a light room 

condition and a standard light therapy lamp condition, and the first study to test a 

home-based light room. The reason why home-based light rooms have not been studied 

before might be that until fairly recently, they would have been very energy-intensive and 

expensive. Today, improvements in LED technology have overcome these barriers. 

The aim of Study 1 was to determine the feasibility, acceptance, and first estimates of the 

potential effect size of a treatment we called Bright, whole-ROom, All-Day (BROAD) light 

therapy. As the name implies, this treatment consisted of brightly illuminating a whole room 

in patients’ homes for a large portion of the day (6 hours). There were two versions of 

BROAD light therapy, with warm white light and with cold white light. The control condition 

was the standard light therapy lamp treatment for 30 minutes in the morning. 

1.4.2 Motivation for Study 2 

Cognition is essential for functioning and it is therefore valuable to improve cognitive 

performance (see 1.1). A supplement that has gained attention in recent years as possibly 

being helpful in this regard is creatine. It is cheap and has a good safety profile (Bender et 

al., 2008; de Souza e Silva et al., 2019; Kreider et al., 2017; Kutz & Gunter, 2003). Creatine 

is a well-established, well-studied supplement used for over 30 years by athletes to improve 

strength (Branch, 2003; Butts et al., 2018). Creatine improves strength by facilitating the 

recycling of ATP and thus giving muscle cells access to more energy (see 1.3 for more 

details).  

Creatine is crucial to the functioning of the brain. This can most clearly be seen in individuals 

with a rare genetic condition called creatine deficiency syndrome, in which the synthesis or 

transport of creatine in the brain is impaired. This causes intellectual disability which can be 

prevented and reversed with creatine supplementation (J. F. Clark & Cecil, 2015). In 

individuals with creatine deficiency syndrome, supplemented creatine is clearly able to pass 
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the blood-brain barrier. Studies on the effect of creatine supplementation on healthy 

individuals have been more conflicting, but overall it seems that also for these individuals, 

supplemented creatine can reach the brain (Lyoo et al., 2003; Merege-Filho et al., 2017; 

Solis et al., 2017; Turner et al., 2015; Wilkinson et al., 2006). For more information, see 1.3. 

In contrast to the effect of creatine supplementation on strength, the literature on creatine 

supplementation on cognitive performance is not well developed yet. A relatively low number 

of small and heterogeneous studies have studied the effect of creatine on cognitive 

performance, with conflicting results. They use very different cognitive tasks and study 

different populations, like healthy young adults, older adults, men, women, children, people 

with depression or other conditions, or sleep-deprived people. Some found large effects, 

some small effects, some found no effect. In their systematic review of the literature, albeit of 

only six studies, Avgerinos et al. (2018) concluded that creatine supplementation might 

improve short-term memory and “intelligence/reasoning”. 

Larger replications of methodologically strong and promising studies are needed. One of 

these studies was by Rae et al. (2003). Rae et al. (2003) gave 45 participants 5g of creatine 

for six weeks and 5g of placebo for six weeks in a cross-over design, i.e. each participant 

received both supplements, in random order. Cognitive performance was measured by the 

Backward Digit Span (BDS), which is a test of working memory, and Raven’s Advanced 

Progressive Matrices (RAPM), which is a test of abstract reasoning. Some consider it a 

measure of general intelligence g, although this has been debated (Gignac, 2015; Raven, 

2008). Rae et al. (2003) found highly significant and large effects of creatine 

supplementation on cognition: a 1.5 digits longer Backwards Digit Span and four more 

matrices solved in RAPM, corresponding to about one standard deviation in their study (see 

calculations in appendix). 

The participants in Rae et al. (2003) were all vegetarian. There are reasons why individuals 

on a vegetarian diet might benefit more from creatine supplementation than individuals on an 
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omnivore diet. As mentioned above, creatine is found primarily in meat, so a vegetarian diet 

contains almost no creatine. Studies have found that muscle creatine is lower in vegetarians 

than in omnivores (Solis et al., 2017). One study compared the effect of creatine 

supplementation on memory performance in vegetarian and omnivore participants and found 

an effect only for vegetarian participants (Benton & Donohoe, 2011).  

However, this is just one exploratory result of one study, so it only provides very preliminary 

evidence. Furthermore, the amount of creatine consumed in a typical omnivore diet is much 

lower than the typical supplemented amount of creatine. Typically, 5 g of creatine per day is 

supplemented, which would correspond to 1 kg of meat (Brosnan & Brosnan, 2016). Studies 

on brain creatine levels found no difference between vegetarians and omnivores (Solis et al., 

2017). It might be that a higher amount of creatine than consumed through diet is needed to 

affect the brain, possibly because of the blood-brain barrier. 

The aim of Study 2 was to replicate Rae et al. (2003) and to expand their study by adding 1) 

a group of omnivore participants to analyse the effect of diet and 2) eight exploratory 

cognitive tasks on task switching, attention, verbal fluency, and memory. 

1.4.3 Motivation for Study 3 

Anxiety disorders and subclinical anxiety are common and significantly impair quality of life 

(see 1.1). A number of psychotherapeutic approaches have been found to be effective at 

treating anxiety (Y.-F. Chen et al., 2017; D. A. Clark, 2013; Conrad & Roth, 2007; Kyeong et 

al., 2017; Maddock & Blair, 2023). Mindfulness is the act of paying attention to the present 

moment, noticing thoughts, feelings, and surroundings without judging them or trying to 

change them. Cognitive restructuring, by contrast, tackles unhelpful thought patterns by 

guiding individuals to challenge their thoughts and replace unhelpful thoughts with more 

helpful ones. Other techniques, such as gratitude practice, guided imagery to a happy place, 

and positive expressive writing, focus patients’ attention on positive thoughts. Relaxation 

 

https://paperpile.com/c/hOx5LH/rArRe
https://paperpile.com/c/hOx5LH/Dzurv
https://paperpile.com/c/hOx5LH/jkE6o
https://paperpile.com/c/hOx5LH/rArRe
https://paperpile.com/c/hOx5LH/rArRe
https://paperpile.com/c/hOx5LH/oAYWh+u16t6+fuLLO+aBXo7+4SpWm
https://paperpile.com/c/hOx5LH/oAYWh+u16t6+fuLLO+aBXo7+4SpWm


28 ​ ​ ​ ​ ​ ​ ​ ​ ​ ​   INTRODUCTION 

techniques, such as progressive muscle relaxation or diaphragmatic breathing, focus on 

reducing physical tension. 

Psychotherapy is inaccessible to many individuals for many reasons, such as cost and 

availability of therapists (World Health Organization, 2022) (see 1.2). Smartphones have 

become common even in low-income countries and there is almost no cost of providing 

app-based psychotherapeutic exercises to more people once an app is developed. This 

makes app-based psychotherapeutic exercises highly scalable and accessible.  

Studies on app-based psychotherapeutic exercises and digital psychotherapeutic 

interventions more generally have emerged recently, with promising preliminary results 

(Firth, Torous, Nicholas, Carney, Pratap, et al., 2017; Firth, Torous, Nicholas, Carney, 

Rosenbaum, et al., 2017).  

To our knowledge, no studies have tested a large number (twelve) of app-based 

psychotherapeutic exercises under standardised conditions, i.e. on the same platform, in the 

same setting, with the same duration and population, thus enabling a direct comparison of 

the exercises. This comparison is interesting to better understand the emerging treatment 

with app-based psychotherapeutic exercises, but also to understand how the effects of 

psychotherapeutic exercises compare to each other more generally, as a comparison of this 

nature to our knowledge has also not been done for psychotherapeutic exercises delivered 

in other ways and the comparison might generalise to other forms of delivery. Integrating 

psychotherapeutic exercises across different schools of psychotherapy has become 

increasingly popular, therefore it might be of interest to therapists of different schools to 

know more about the effects of exercises of their own and other schools. 

The aim of Study 3 was to test the immediate effects of twelve psychotherapeutic exercises 

based on cognitive behavioural therapy, mindfulness, and acceptance and commitment 

therapy, on anxiety. Immediate effects might be relevant for e.g. engagement, compliance, 

breaking negative feedback loops, and during crises. The techniques tested included several 
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forms of mindfulness, several forms of cognitive restructuring, progressive muscle relaxation, 

diaphragmatic breathing, positive expressive writing, gratitude practice, and guided imagery. 

We compared the exercises together to two different controls (measurement-only and, in an 

exploratory fashion, reading control). In an exploratory fashion, we compared the effects of 

the exercises to each other. 

1.5 RCTs, CONSORT, Open Science, and frequentist, 

Bayesian, and robust statistics 

Randomised controlled trials (RCTs), Consolidated Standards of Reporting Trials 

(CONSORT), Open Science, and different statistical approaches (frequentist, Bayesian and 

robust) are all methods that help science be unbiased, transparent, interpretable and 

reproducible. These methods are present in all three studies of this dissertation and thus 

constitute a methodological red thread. 

An RCT is, as the name implies, an experiment where participants are randomly assigned to 

a treatment group or a control group. Random assignment prevents self-selection and, if the 

sample is large enough, makes it unlikely that the two groups differ substantially by chance. 

The control group experiences measurements and time passing between them just like the 

treatment group. This ensures that the difference measured before and after the intervention 

is not simply due to passing time or due to the measurements themselves. In addition to time 

and measurements, a control group can have other things in common with the treatment 

group, such as effort, attention, and superficial similarities between the control and treatment 

interventions. A placebo control is designed to elicit similar treatment expectations as the 

treatment, so that we can rule out that the difference between the two groups is due to 

differences in expectation (placebo effect). To minimise effects from staff or participant 

expectation, to the extent that this is possible, staff and participants should be blind about 

which group a participant is in. This is easier in some cases, such as when giving 
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participants different supplements that look the same, and more difficult in other cases, such 

as with psychotherapy. For psychotherapy in particular, there is debate about what 

constitutes a good control intervention (Gaab, 2023). 

The CONSORT guideline is a checklist that guides researchers in how to report RCTs in a 

manner that is comprehensive, accurate, and transparent. This allows others to better 

understand the quality and nature of the study and also to replicate it. The CONSORT 

guideline was first published in 1996 and last revised in 2010. It encourages, among other 

things, reporting in detail how the experiment was recruited for and performed, including how 

exactly randomisation and blinding were done, and in which ways control and treatment 

interventions were (dis)similar. The main CONSORT guideline is for parallel two-group 

RCTs. Extensions of this guideline have been created for other forms of RCTs and for 

specific topics. CONSORT is complemented by guidelines for other forms of studies, such as 

for observational studies (STROBE, Strengthening the Reporting of Observational Studies in 

Epidemiology) and systematic reviews and meta-analyses (PRISMA, Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses). 

Open Science principles aim to make science more transparent, accessible, and 

reproducible (Center for Open Science, 2025). They advocate for preregistration, registered 

reports, open data, open code, and open access papers. Preregistration means publishing 

the research plan and hypotheses before data collection starts. This prevents so-called 

HARKing: Hypothesising After Results are Known (Shrout & Rodgers, 2018). Preregistering 

encourages researchers to be transparent about which aspects of their research were 

exploratory (i.e. had no prior hypothesis), which were confirmatory (i.e. had a hypothesis), 

and to what extent the data match the hypotheses. Retrospectively changing a hypothesis to 

match the data leads to the mistaken impression that the hypothesis is better supported than 

it actually is and contributes to the replication crisis (i.e. the problem that many findings 

cannot be successfully replicated) (Shrout & Rodgers, 2018). This misreporting does not 

necessarily have to be intentional. A researcher might have had many hypotheses and 
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misremember that they always gave more weight to the hypothesis which now seems most 

plausible in light of the new evidence. A registered report is similar to a preregistration but 

takes it one step further: The research plan and hypotheses are not only published but also 

peer-reviewed and the paper is accepted by a journal, before collecting data (Nosek & 

Lakens, 2014). This has two advantages: 1) the methods can be improved by the peer 

review before it is too late, and 2) the journal decides whether to accept or reject a paper 

based on the quality of the methods and relevance of the question, rather than what the 

results happen to be. This counteracts another component of the replication crisis; fluke 

positive results getting published while valuable null results are not published. Open data 

means the data are available to the public so that analyses can be verified (Center for Open 

Science, 2025). Open code, i.e. making the code used in the statistical analysis publicly 

available, also contributes to this goal (Center for Open Science, 2025). Finally, open access 

to research papers means that the public has access to the results and details of the study 

without having to pay (or be part of an institution that pays) for this access (Center for Open 

Science, 2025). To publish open access, the researcher or their institution usually has to pay 

an open access fee. This means that publishing open access is not affordable to everyone. 

Publishers have started to respond to this by lowering or waiving their open access fees for 

researchers in low-income countries (Saloojee & Pettifor, 2024). 

Frequentist statistics, also called NHST (Null Hypothesis Significance Testing) answers the 

question “If the null hypothesis is true, and we run the same experiment a large number of 

times: How often would we see a difference in the data that is as large or larger than the 

difference that we found?”. This probability is the p-value (Field, 2018). In behavioural 

sciences such as psychology, a p-value below 0.05 is conventionally used to classify a result 

as statistically significant (Field, 2018). This number originated in 1925 from Fisher, who 

used it as a convenient heuristic but recommended treating it as a vague threshold, not a 

cut-off, and not using it blindly to reject hypotheses (Field, 2018). The p-value is closely 

related to the concept of confidence intervals (CIs). By convention, a 95% CI is used, e.g., a 
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95% CI of the mean of each group. The 95% CI is constructed so that, if the same 

experiment is conducted a large number of times, the population mean is within this interval 

in 95% of these experiments (Field, 2018). A common misconception is that a difference 

between two groups is statistically significant at p < .05 only if their 95% CIs do not overlap. 

For this heuristic, the 83.4% CI would be more appropriate (Knol et al., 2011). P = .05 

corresponds to a substantial overlap of the 95% CIs (of about ¼ of the length of the 

intervals) (Field, 2018). Because a p-value only describes the statistical significance of a 

result and not its practical significance, a measure of effect size needs to be reported. While 

there are commonly used heuristics for what constitutes a small/medium/large effect, what 

effect size is practically significant needs to be determined in context. 

Standard frequentist statistics assume a normal distribution and are not reliable if the data 

deviate too much from it, i.e. if there are significant outliers (Field, 2018). An early solution to 

this problem was nonparametric statistics, which do not assume normality. Nonparametric 

statistics convert data into ranks. This approach neutralises outliers at the cost of losing 

information on how large the difference between two data points is. Wilcox (2011) and Field 

(2018) argue that the more modern approach of robust statistics is superior to nonparametric 

statistics.  

Robust methods retain the magnitude information present in the original scores, rather than 

collapsing everything into ranks (Wilcox, 2011; Wilcox & Rousselet, 2023). Instead of using 

the mean, robust statistics uses robust estimators such as trimmed means or M‐estimators. 

A trimmed mean is computed by discarding a certain percentage of the smallest and largest 

values before taking the average of the remaining data. An M‐estimator starts with a special 

“loss” function (instead of the usual squared deviations) that grows more slowly for large 

outliers. One then iteratively adjusts the estimate so that the sum of these loss values is 

minimized. Robust approaches can include bootstrapping (i.e. resampling with replacement) 

to generate confidence intervals and p‐values that do not depend on assumptions of 

normality or homoscedasticity. Unlike fully nonparametric approaches, these methods can 

 

https://paperpile.com/c/hOx5LH/1XNL5
https://paperpile.com/c/hOx5LH/HMFf0
https://paperpile.com/c/hOx5LH/1XNL5
https://paperpile.com/c/hOx5LH/1XNL5
https://paperpile.com/c/hOx5LH/UpQ9/?noauthor=1
https://paperpile.com/c/hOx5LH/1XNL5/?noauthor=1
https://paperpile.com/c/hOx5LH/UpQ9+e9zp


INTRODUCTION​ ​ ​ ​ ​ ​ ​ ​ ​ ​   33 

accommodate unequal variances and skewed shapes without discarding the relative 

distances among data points. This often gives robust techniques both higher power (i.e., 

fewer missed effects) and more reliable control of Type I error rates. In contrast to 

nonparametric statistics, robust statistics often need to be done with a computer.  

Bayesian statistics answers the questions “How likely is my hypothesis to be true?” and 

“How should I update my beliefs about different hypotheses based on new data?”. In 

contrast to frequentist statistics, which only specifies the null hypothesis, Bayesian statistics 

needs one or more specified alternative hypotheses. To answer the question “How likely is 

my hypothesis to be true?” using Bayesian statistics, one specifies one’s original belief about 

the hypothesis with a so-called prior distribution. When new data are collected, it is 

compared to the null hypothesis and the alternative hypothesis. Depending on how likely the 

new data are under each hypothesis, one updates one’s belief about which hypothesis is 

more likely to be true. The ratio of support the new data give to the null vs the alternative 

hypothesis is called the Bayes factor. A Bayes factor of 1 means the data are equally likely 

under each hypothesis. A Bayes factor lower than 1 means the data are more likely under 

the null hypothesis; a Bayes factor greater than 1 means the data are more likely under the 

alternative hypothesis. For example, a Bayes factor of 3 means the data are 3 times more 

likely under the alternative hypothesis than under the null hypothesis. The prior odds (ratio of 

the two prior distributions) are multiplied by the Bayes factor to arrive at the posterior odds 

(ratio of the two posterior distributions). The posterior distribution indicates the updated belief 

about a hypothesis (Field, 2018). 

1.6 Aims of this dissertation 

The aim of this dissertation is to investigate interventions for mental health (in particular, 

seasonal affective disorder and anxiety) and cognition. The studies I performed to 

accomplish this have in common that they were randomised, controlled, and double-blind or 

partially blind where full double-blind was not possible. Studies 1 and 3 had a parallel design 
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while Study 2 had a cross-over design. I analysed the data using descriptive statistics and 

exploratory standard frequentist statistics (Study 1, which was a feasibility study), Bayesian 

statistics (Study 2), and standard and robust frequentist statistics (Studies 2 and 3). 

Following Open Science principles, all studies were preregistered and the data and papers 

are freely available to the public. 

Specifically, the research question of Study 1 was: Is broad, whole room, all day light therapy 

at home a feasible intervention against seasonal affective disorder? The research question 

of Study 2 was: Does supplementing creatine enhance cognition in healthy individuals? For 

Study 3, it was: To what extent do different app-based psychotherapeutic exercises reduce 

state anxiety? 

 



METHODS​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​   35 

2 METHODS 

2.1 Study design 

The studies this thesis is based on are randomised, controlled, and double-blind or partially 

blind where full double-blind was not possible (see the section on blinding). Studies 1 and 3 

had a parallel design while Study 2 had a cross-over design. In Study 1, which aimed to find 

a more effective version of light therapy against seasonal affective disorder than the 

standard of care, the experimental group received what we called BROAD light therapy. The 

control group received the standard of care (a standard light box treatment for 30 minutes in 

the morning). In Study 2, which tested the cognitive effects of creatine, the experimental 

group received creatine and the control group received maltodextrin. In Study 3, which 

tested the immediate effects of app-based psychotherapeutic exercises on anxiety, each 

experimental group received a different psychotherapeutic exercise. There were two control 

groups: one group received the instruction to do what they would usually do and the other 

group read a text on anxiety. The papers adhered to the CONSORT reporting guidelines. 

2.2 Participants  

Participants in Study 1 were adults with a diagnosis of “major depressive disorder (recurrent 

episode) with a winter seasonal pattern”, also known as winter depression, diagnosed by 

psychologists in a video interview. Participants in Study 2 were mostly healthy adults. 

Participants in Study 3 were adults with a high level of state anxiety. 
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2.3 Interventions 

Study Treatment(s) of interest Control(s) 

1 BROAD light therapy,  
6h/day, 4 weeks 

 
 

Standard light therapy lamp,  
0.5h/day, 4 weeks 

 
From https://www.beurer.com/de/p/60811/ 

2 Creatine supplementation,  
5g/day, 6 weeks 

 
 

Maltodextrin supplementation,  
5g/day, 6 weeks 

 

3 One of twelve app-based 
psychotherapeutic exercises,  
7 minutes 

 
From: 
https://anxiety-relief-by-mind-ease.en.softonic.com 
 

Measurement-only control or reading 
control (text about anxiety), 
7 minutes 

 
Adapted from: 
https://anxiety-relief-by-mind-ease.en.softonic.com 

 
Figure 4. Interventions in the three studies. 
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2.3.1 Study 1 

Study 1 included a new treatment that we called Bright, whole-ROom, All-Day (BROAD) light 

therapy and, as an active control, a standard light therapy lamp. Both treatments were 

instructed to be performed five days a week for four weeks. The instructed duration for 

BROAD light therapy was 6 hours per day and for the control group, 30 minutes per day. 

BROAD light therapy consisted of publicly available, bright, white LED bulbs and socket 

cords. Participants installed the socket cords and LED bulbs with hooks in their own home. 

The installation was checked via photos and suggestions for correction were made where 

necessary. There were two versions of BROAD light therapy: the cold white version and the 

warm white version. The cold white version consisted of 40 bulbs with 1800 lumens each 

(72,000 lumens in total), with a colour rendering index of 80-90 and a colour temperature of 

6000 K, while the warm white version consisted of 70 bulbs of 1460 lumens each (102,240 

lumens in total), with a colour rendering index of 80-90 and a colour temperature of 4000 K. 

The warm white version had more lumens to ensure the two versions had the same amount 

of blue light. Blue light is thought to be the physiologically active component of light. 

Participants measured the lux at eye level at their most typical position in the room with a lux 

meter app on their smartphones. In the cold light condition, the average illuminance at eye 

level while seated was 1433 lux (ranging from 550 to 4061 lux). In the warm light condition, it 

was 1829 lux (ranging from 500 to 6800 lux). Paper lanterns to diffuse the light were optional 

and rarely chosen by participants. The two versions were tested to explore whether 

participants would react differently to them. For example, participants might prefer a warmer 

colour temperature.  

The standard light therapy lamp was the TL 41 by Beurer (Ulm, Germany) or similar lamps, 

based on availability. It delivered 10,000 lux at a distance of 20 cm, with a rapid drop in 

illuminance beyond that range. Its colour rendering index was 80 and its colour temperature 
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was 6500 K. Participants were instructed to keep a distance of 20 cm to the lamp and only 

briefly and occasionally look directly into it. 

The similarity between the intervention groups consisted of receiving a plausible and active 

treatment, as well as the same reminders, questionnaires, and set-up checks using photos. 

2.3.2 Study 2 

Study 2 included two supplements in powder form: creatine monohydrate and a placebo 

supplement. Five grams per day of each supplement was consumed for six weeks. 

The creatine monohydrate was by the company Alzchem (Trostberg, Germany). The 

placebo supplement was maltodextrin by the company Nutricia (Frankfurt am Main, 

Germany). After testing 40 participants, we realised that differences in solubility were 

masked better when the supplements were mixed into yoghurt or food of comparable 

consistency. From this point, participants were therefore asked to mix the supplements into 

such food.  

The two supplements were similar in that they were both white, tasteless powders. Creatine 

was less soluble in water than maltodextrin. The containers for the two supplements were 

identical for each participant, except for a label specifying the order in which to take them. At 

the end of their last testing, participants were asked to guess their supplement order. 

2.3.3 Study 3 

Study 3 included twelve psychotherapeutic exercises of the Mind Ease app as treatment 

conditions, as well as a measurement-only control and a reading control. 

The app's exercises drew primarily from third-wave cognitive behavioural therapy (CBT), 

encompassing classic CBT, mindfulness, and acceptance and commitment therapy (ACT) 

(Hayes & Hofmann, 2017). The exercises "Silver lining" and "cognitive distortion list" 
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employed the standard CBT technique of cognitive restructuring (Hofmann, 2011). 

"Anxiety-excitement reappraisal", an unusual cognitive restructuring method, was inspired by 

a method in the book “DARE” (McDonagh, 2015) and integrated exposure and emotional 

reappraisal from classic CBT, and briefly, committed action from ACT (Hayes et al., 2016; 

Hofmann, 2011). The exercises "positive expressive writing" and "gratitude practice" were 

based on positive psychology (Seligman et al., 2005). "Guided imagery" employed the 

relaxation technique of positive guided imagery, used across several therapies including 

CBT (Hofmann, 2011). "Diaphragmatic breathing" and "progressive muscle relaxation" 

constituted two physiology-oriented relaxation exercises (Conrad & Roth, 2007; Zaccaro et 

al., 2018). The largely mindfulness-based exercises were "mindful breathing", "body scan", 

"Leaves on a Stream", and "dropping anchor" (Hayes et al., 2016; Kabat-Zinn, 2009). See 

the appendix for detailed descriptions of each exercise.  

The measurement-only control group underwent the same measurements as the treatment 

groups but was told to continue with their normal activities for 7 minutes in between the 

measurements until a bell rang. The reading control group underwent the same 

measurements as the treatment groups. In between the two measurements, this group read 

an informative text on anxiety (Rector et al., 2005). The reading control was more similar to 

the treatment groups, in that it addressed the topic of anxiety and included reading. Control 

and treatment interventions were expected to be of a similar duration of about 7 minutes. 

The actual durations were slightly higher: M = 9.8 minutes (SD = 4.1) for the exercises, M = 

12.6 minutes (SD = 3.5) for the measurement-only control, and M = 8.9 minutes (SD = 4.1) 

for the reading control. Before they took part, participants knew the study focused on online 

methods to reduce negative feelings, but they were not told about the use of control groups. 

Thus, those in the measurement-only group probably realised they were in a control group. 

Meanwhile, the reading control group was less clearly a control group, as they were asked to 

read a lengthy text on anxiety (see appendix), which might have seemed like a 

psychoeducational activity. Conducting the study entirely online and automatically, with no 
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staff present, likely lowered the pressure to please the experimenter. Participants were 

aware that they would be paid regardless of their answers, so there was no financial motive 

to misrepresent themselves.  

Originally, there was an additional group that was assigned to a psychotherapeutic exercise 

not randomly but based on a machine learning algorithm used by the Mind Ease app. 

However, the algorithm was copied incorrectly from the app to the study website, so the data 

from this group (N = 82) were excluded. 

2.4 Outcomes 

2.4.1 Study 1 

In Study 1, we focused on assessing the feasibility and acceptance of the new treatment by 

evaluating participant feedback, side effects, recruitment, and adherence.  

The preregistered primary outcome was the level of symptom severity after four weeks of 

treatment, as measured by the Hamilton Depression Rating Scale-Seasonal Affective 

Disorders 29-items Version, self-report version (SIGH-SAD-SR, or SIGH-SAD for short) 

(Terman, Williams, White, Gould, 2008). We used this outcome in Study 1 for preliminary 

descriptive insights into the effectiveness of the new treatment. 

The secondary outcomes were symptom severity after two weeks as measured by the 

SIGH-SAD, and the percent of remitted participants after two and four weeks. 

2.4.2 Study 2 

In Study 2, the preregistered confirmatory outcomes were the Backwards Digit Span (BDS), 

which assessed working memory, and standardised 10-minute versions of Raven’s 

Advanced Progressive Matrices (RAPM), which assessed abstract reasoning (Rae et al., 

2003; Wechsler, 1955). For both tasks, the score was the sum of correct answers. 
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The BDS test consisted of giving participants a series of digits, which they had to remember 

and say in reverse order. The test started with a series of two digits and became increasingly 

longer. There were always two series of the same length. The test was stopped when 

participants failed twice at the same length. 

The RAPM tests were the same standardised 10-minute versions as used by Rae et al. 

(2003). At each timepoint, a different version was administered, verified to be equally difficult 

by Rae et al. (2003). Each test consisted of 20 increasingly difficult tasks, which participants 

had a total of 10 minutes to complete. Each task consisted of pictures arranged in a 3x3 

matrix, with one picture missing. Participants had to choose the right picture to complete the 

matrix out of a selection of 8 pictures. 

The full list of cognitive tests, including exploratory tests, was: 

●​ The Auditory Verbal Learning Test (AVLT, in German: VLMT, Lux et al. (2001)), part 1: 

immediate verbal recall 

●​ The Brief-Visuospatial-Memory Test – Revised (BVMT-R), a test of visuospatial 

memory (Benedict et al., 1996) 

●​ The D2 Test of Attention (Brickenkamp, 2002), a test of sustained attention 

●​ The Trail-Making-Test A (TMT-A), a test of visual attention (Reitan, 1958) 

●​ The Trail-Making-Test B (TMT-B), a test of task switching (Reitan, 1958) 

●​ The Stroop test (in German: Farb-Wort-Interferenz Test, a test of inhibitory control 

(Bäumler & Stroop, 1985) 

●​ Forward Digit Span 

●​ Backward Digit Span 

●​ The Block-Tapping-Test, a test of visuospatial working memory (Schellig, 1997) 

●​ Raven’s Advanced Progressive Matrices (RAPM) 

●​ The Auditory Verbal Learning Test (AVLT, in German: VLMT,  Lux et al. (2001)), part 

2: delayed verbal recall and recognition  
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●​ Regensburger Wortflüssigkeitstest, a test of verbal fluency (Aschenbrenner et al., 

2000) 

The tasks were administered in the order shown above. In addition, at baseline, the 

crystallized verbal intelligence test MWT-B (Mehrfachwahl-Wortschatz-Intelligenztest, Lehrl, 

(2005)) and a demographic questionnaire were administered at the end of the testing. After 

completing each six weeks of supplementation participants were asked to report side effects 

in a free text box. At all three timepoints, participants filled out a questionnaire on their daily 

form, including how many hours they had slept the night before, when they had last 

consumed caffeine that day, etc. 

2.4.3 Study 3 

In Study 3, the preregistered confirmatory outcome was the average of the responses to 

three sliders native to the Mind Ease app, with which participants were asked to indicate 

before and after the intervention how they felt at that moment (“How I’m feeling right now”). 

The sliders ranged from “very tense” to “very relaxed” (in equal intervals: “very tense”, “quite 

tense”, “somewhat tense”, neither tense nor relaxed”, “somewhat relaxed”, “quite relaxed”, 

“very relaxed”), and respectively for “very worried” to “very calm”, and “very bad” to “very 

good”. “Neither…nor” corresponded to the midpoint of the scales, with each of the other 

labels covering one sixth of the scales. Only the label corresponding to the current position 

of the continuous slider was visible. The most positive possible answer was scored as 0, i.e. 

no anxiety, and the most negative possible answer was scored as 100, i.e. high 

anxiety—these numbers were not visible to participants.  

We chose the slider questions because they were quick to complete, already included in the 

app, and helped us capture real user experiences as closely as possible. In a separate, 

pre-registered feedback survey (N = 40), participants reported high levels of satisfaction with 

clarity, ease of use, and content validity (see appendix). The psychometric properties of this 

scale were determined in a pre-study (N = 199). Like the main study, the participants in the 
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psychometric pre-study and the feedback survey were adults in the US recruited on the 

platform Positly (details on methods and participants are in the appendix).  

The first goal of the psychometric pre-study was to determine the internal consistency of the 

scale as measured by Cronbach's α. Cronbach's α was .94 in the pre-study, with inter-item 

correlations between .81 and .90. In the main study, Cronbach's α was .70 pre-intervention 

and .90 post-intervention. Such high internal consistency is anticipated when measuring 

related aspects of state anxiety, and it aligns with findings from other state anxiety scales. 

(Guillén-Riquelme & Buela-Casal, 2011; Marteau & Bekker, 1992).  

The second goal of the psychometric pre-study was to determine the convergent validity of 

the three-slider scale with the state subscale of the State-Trait Anxiety Inventory (STAI). The 

STAI state subscale has 20 self-report items (e.g. “I feel at ease”), each rated on a 4-point 

Likert scale from “not at all” to “very much so”. The three-slider scale showed a strong, highly 

significant correlation with the STAI state subscale, r(197) = .872, p < .001, when all data 

were included. After excluding one obvious outlier based on the scatterplot (STAI state 

subscale score of 76 and three-slider scale score of 27), the correlation remained very 

similar, r(196) = .893, p < .001. Linear regression without the outlier produced the equation 

STAI state subscale score = three-slider scale score * 0.55 + 20.66. We used this formula to 

present the main study findings in STAI state subscale terms, making the results more 

familiar to readers. Details on these results are in the appendix. 

2.5 Randomisation and blinding 

In Study 1, participants were randomly assigned using Excel to one of the three treatment 

groups (standard light therapy lamp, warm BROAD light therapy, cold BROAD light therapy) 

in three strata based on level of symptom severity (SIGH-SAD score above 29, between 29 

and 20, or below 20) and in a randomly varying block size of 4 or 8 participants. I sent the 

participant code and baseline SIGH-SAD score to the senior author (Dr. Jan Brauner) via 
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email and he replied with the assigned group. The senior author had no direct contact with 

participants, nor any knowledge about them apart from the two pieces of information that I 

provided. There was an equal chance of being assigned to the BROAD light therapy group 

or to the control group (standard light therapy lamp). Within the BROAD light therapy group, 

there was an equal chance of being assigned to the warm white light group or to the cold 

white light group. Participants were blind to the extent that this was possible. The treatments 

were visibly different, but participants were not told if they were in a control group or not. All 

participants received the same standardised reminders to fill out the survey after two and 

four weeks of treatment. Participants filled out the SIGH-SAD-SR remotely by themselves 

with no staff interaction. 

In Study 2, participant codes were simply randomly assigned with equal chance to one of the 

two supplement orders (creatine and then placebo or placebo and then creatine) by the 

pharmacy of the University Hospital Heidelberg using Excel. The pharmacy provided the 

testers with the supplements, each container labelled with the participant code and “A” for 

the first supplement and “B” for the second supplement. Testers gave or sent the supplement 

to the participants. This order was unknown to participants and the study staff until the end 

of participants’ participation and revealed using the SNOSE method (sequentially numbered, 

sealed envelopes).  

In Study 3, participants were simply randomly assigned to one of the two control groups or 

one of the twelve treatment groups automatically using GuidedTrack. The control groups 

were designed to each be 1.5 times the size of a treatment group. Participants were not told 

whether they were in a treatment or a control group. To make the measurement-only control 

group less likely to think that they were a control group, all groups were told that the study 

was about measuring short-term changes in mood. Treatment expectation was likely lower 

for the control groups than the treatment groups (see 4.2 limitations). There was no 

interaction between staff and participants. 
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2.6 Statistical analysis 

2.6.1 Study 1 

Study 1 was a feasibility study. Feasibility was assessed qualitatively by evaluating success 

at recruiting, participants setting up BROAD light therapy, descriptive symptom reduction, 

participant feedback, and side effects. The study was not powered for statistical 

between-group comparisons. In line with the CONSORT guideline on pilot and feasibility 

trials (Eldridge et al., 2016), the findings were reported primarily in a narrative and 

descriptive fashion. Continuous outcomes were reported as mean and standard deviation 

and categorical outcomes were reported as count and percentage. In an exploratory manner, 

we also give descriptive results of the improvement in SAD symptoms after four weeks 

adjusted for confounders (see appendix for details). 

An exploratory Pearson correlation test was performed with the variables log2(lux) at eye 

level and symptom reduction at four weeks. The log of lux was used instead of lux because 

the scatterplot (lux, symptom reduction) showed a log-like curve. This is consistent with 

psychophysical principles (e.g., Weber–Fechner law) that describe a logarithmic rather than 

linear relationship between stimulus intensity (in this case, brightness) and perceived or 

physiological response (Bhatia, 2001). Further exploratory Pearson correlation tests were 

performed with measures of adherence and symptom reduction at four weeks. 

2.6.2 Study 2 

Study 2 involved preregistered hypotheses about two cognitive tasks: the Backward Digit 

Span and Raven’s Advanced Progressive Matrices. The analyses regarding these two tasks 

were therefore confirmatory in nature. The other eight cognitive tasks were exploratory. 

We had hypothesised that vegetarian/vegan participants would benefit more from creatine 

supplementation than omnivore participants. We tested this with a 2x2x2 mixed measures 
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ANOVA with diet (vegetarian/vegan vs omnivore) as a between-subjects independent 

variable, supplement (creatine vs placebo) and supplement order (creatine first or placebo 

first) as within-subjects independent variables, and cognitive performance as the dependent 

variable. Because including diet as a factor made no relevant difference to the results, we 

merged the two diet groups for all other analyses. 

For each task, a 2x2 mixed measures ANOVA was performed with supplement (creatine vs 

placebo) and supplement order (creatine first or placebo first) as independent variables and 

cognitive performance as the dependent variable. We had preregistered using a t-test for 

this analysis, however, this was a mistake. The t-test is only valid if the two supplement order 

groups are of exactly equal size. The criterion was not fulfilled, so the right test was the 

mixed measures ANOVA. The Greenhouse-Geisser correction was used in all these 

ANOVAs, but it did not alter any of the values. 

We checked how robust the results of the ANOVAs mentioned above were to outliers and 

assumptions of normality by running different robust versions of these ANOVAs with 5% and 

20% winsorising, 20% trimming, and bootstrapping combined with 20% trimming (using the 

WRS2 R package, sppi functions).  

In addition, we performed Bayesian analyses to assess the relative likelihood that creatine 

has a small effect and that it has a large effect like in Rae et al. (2003), compared to the null 

hypothesis that it has no effect. This analysis was performed on the estimated marginal 

means (EMMs) of the creatine scores and placebo scores. We operationalised the null and 

alternative hypotheses using two different methods: 1) point models, in which the probability 

mass centers on the effect sizes of interest and forms Cauchy distributions around it, and 2) 

half-normal models centred on zero, which treat the effect sizes of interest as overestimates 

of the real effect size. Half-normal models give a higher probability to effect sizes that are 

smaller, and give a low probability to effect sizes twice as large as the effect size of interest. 
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Half-normal models are commonly used when replicating studies. See the appendix for more 

details on the Bayesian analyses. 

Separate exploratory analyses were performed for participants with a high and low baseline 

performance, and for the first supplementation and second supplementation (see appendix). 

We included participant data irrespective of how well a participant had adhered to the 

supplement regime. One participant took the supplements in the wrong order. This 

participant was analysed with the real, not the prescribed, order. 

2.6.3 Study 3 

Study 3 involved preregistered hypotheses about the effect of each psychotherapeutic 

exercise separately compared to the measurement-only control and about the effect of all 

exercises combined compared to the measurement-only control. In an exploratory fashion, 

we performed the same analyses with the reading control instead of the measurement-only 

control. Also in an exploratory fashion, we compared the effects of the exercises to each 

other. 

As preregistered, these comparisons were performed with a 2x2 mixed ANOVA with group 

as the between-subjects independent variable, time (pre vs post) as the within-subjects 

independent variable, and level of anxiety as the dependent variable. The 

Greenhouse-Geisser correction was used in all these ANOVAs, but it did not alter any of the 

values. In addition, Cohen’s d was calculated for an independent samples t-test with group 

as the independent variable and change in anxiety (pre minus post) as the dependent 

variable. This t-test is equivalent to the interaction term in the 2x2 mixed ANOVA. Reporting 

Cohen’s d provides a more comprehensive picture and makes the effect easier to interpret. 

Furthermore, we analysed the same comparisons using linear regression. This approach is 

not equivalent and provides a different perspective on the same questions.  
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We checked how robust the results of the ANOVAs mentioned above were to outliers and 

assumptions of normality by running different robust versions of these ANOVAs with 5% and 

20% winsorising, 20% trimming, and bootstrapping combined with 20% trimming (using the 

WRS2 R package, sppi functions).  

We excluded participants based on low baseline anxiety (as preregistered, those with a 

three-slider scale score below 50, corresponding to a STAI state subscale score of 48). In 

addition, we excluded participants if they took more than 30 minutes or less than 3 minutes. 

This criterion was not preregistered, but it makes sense because less than 3 minutes is not 

enough time to complete the exercise adequately. Spending more than 30 minutes (one 

participant spent over 7000 minutes) meant participants likely interrupted the study with 

other activities and even if they did not, longer durations increase noise too much, as state 

anxiety changes over time. The analyses without this time criterion produced very similar 

results and are found in the appendix. No participant received an intervention different from 

the assigned one. 
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3 STUDY SYNOPSES 

Table 1. Overview of studies included in the present dissertation. 

No. Reference Open Science 

1 Sandkühler, J. F., Brochhagen, S., Rohde, P., Muscheidt, R. 
C., Grömer, T. W., Müller, H., & Brauner, J. (2022). 100,000 
lumens to treat seasonal affective disorder: A proof of concept 
RCT of Bright, whole-ROom, All-Day (BROAD) light therapy. 
Depression and Anxiety. https://doi.org/10.1002/da.23281  

Preregistered, 
open data, open 
materials, open 
access 

2 Sandkühler, J. F., Kersting, X., Faust, A., Königs, E. K., 
Altman, G., Ettinger, U., Lux, S., Philipsen, A., Müller, H., & 
Brauner, J. (2023). The effect of creatine supplementation on 
cognitive performance—a randomised controlled study. BMC 
Medicine. https://doi.org/10.1186/s12916-023-03146-5  

Preregistered, 
open data, open 
code, open 
materials, open 
access 

3 Sandkühler, J. F.*, Kahl, F.*, Sadurska, M. Z., Brietbart, P., 
Greenberg, S., Brauner, J. (2025). The Immediate Impact of 
App-Based Psychotherapeutic Exercises on Anxiety: An RCT. 
Depression and Anxiety. https://doi.org/10.1155/da/5586831 

 

Preregistered, 
open data, open 
code, open 
access 
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3.1 Study 1: Light therapy for seasonal affective disorder 

 

Sandkühler, J. F., Brochhagen, S., Rohde, P., Muscheidt, R. C., Grömer, T. W., Müller, H., & 
Brauner, J. (2022). 100,000 lumens to treat seasonal affective disorder: A proof of concept 
RCT of Bright, whole-ROom, All-Day (BROAD) light therapy. Depression and Anxiety, 
39(12), 760–769. https://doi.org/10.1002/da.23281  

 

 

Light therapy with a standard light therapy lamp is a first-line treatment for seasonal affective 

disorder (SAD). This treatment improves symptoms to some extent, but in many cases, does 

not lead to full remission. Some patients have experimented with lighting solutions and 

reported benefiting more from lighting that is more powerful, broader, and has a longer 

duration than traditional light therapy lamps (see 1.4, motivation of Study 1).  

The aim of Study 1 was to test the feasibility and obtain first estimates of the effectiveness of 

a treatment we called Bright, whole-ROom, All-Day (BROAD) light therapy. This treatment 

consisted of patients spending six hours a day, five days a week, for four weeks, in a very 

brightly illuminated room in their own homes. There were two versions of BROAD light 

therapy, with warm white light and with cold white light. The control group received the 

standard of care, 30 minutes in the morning every day, five days a week, for four weeks with 

a standard light therapy lamp. For more details on the interventions, see 2.3 Interventions, 

Study 1. Participants were randomly assigned to one of the two BROAD light therapy groups 

or to the control conditions so that the control group and the combined BROAD light therapy 

group were of the same size (see 2.5). Recruitment, side effects, and adherence were 

evaluated to determine the feasibility of the new treatment and of larger future studies. The 

Hamilton Depression Rating Scale-Seasonal Affective Disorders 29-items, self-report 

version (SIGH-SAD-SR) was used to assess the level of SAD symptoms before the start of 

the treatment, as well after two and four weeks of treatment. 
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Sixty-two patients took part in the study, none dropped out. Photos of the set-ups showed 

that participants were able to successfully set up BROAD light therapy in their homes as 

instructed, in some cases with slight corrections. The illuminance at eye level, measured in 

lux, was lower in the BROAD light therapy group compared to the standard light therapy 

lamp if the short distance to the eyes was kept for the latter as instructed. However, the fact 

that BROAD light therapy did not restrict participants to a certain position made a longer 

duration possible and led to more lux overall throughout the day. Adherence to the instructed 

treatment durations was high. Feedback was overall positive for all three groups. Eight 

participants in the BROAD light therapy group and four participants in the standard light 

therapy lamp group experienced side effects. These side effects included eye ache, 

headache, and agitation, were not severe and were known from other studies on light 

therapy (Botanov & Ilardi, 2013). 

Because this was a feasibility trial not powered for between-group differences, only 

descriptive results are reported for symptom improvement, as recommended by the 

CONSORT guideline on pilot and feasibility trials (Eldridge et al., 2016). Both groups 

experienced high levels of symptom improvement (see Table 2 and Figure 5), similar to 

those found in previous studies (Pjrek et al., 2020). For more details on the outcome 

measures, see 2.4 Outcomes, Study 1. 
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Table 2. Secondary endpoints. 

 BROAD light therapy Standard light therapy lamp 

Symptom improvement after 4 weeks 11.58 (8.39), [8.45; 14.72] 13.24 (9.64), [9.76; 16.72] 

Symptom improvement after 4 weeks, 
adjusted (arbitrary units) 12.56 (7.66), [9.70; 15.42] 12.92 (9.19), [9.61; 16.23] 

Subscale A symptom improvement 
after 4 weeks 7.22 (5.32), [5.23; 9.20] 8.21 (6.55), [5.85; 10.57] 

Subscale B symptom improvement 
after 4 weeks 4.37 (4.49), [2.69; 6.04] 5.03 (4.32), [3.47; 6.59] 

Symptom improvement after 2 weeks 8.92 (8.75), [5.65; 12.18] 10.8 (8.16), [7.80; 13.79] 

Remission after 2 weeks 3 (10%) 3 (10%) 

Remission after 4 weeks 7 (22%) 6 (20%) 

 

Mean (standard deviation) [95% confidence intervals of the mean improvement] in 
SIGH-SAD points given for unadjusted symptom improvement and N (%) given for 
remission. The adjusted symptom improvement does not correspond to SIGH-SAD points, 
but only serves as a unitless measure of similarity. The adjustment accounts for differences 
between the groups in baseline symptom severity, timepoint of treatment, and delay between 
baseline assessment and start of treatment. 
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Figure 5. Key descriptive finding of Study 1. Improvement in SIGH-SAD score after four 
weeks of treatment. The plot shows the means, 95% confidence intervals of the means and 
distribution for both the standard light therapy lamp group (“light box therapy”) and the 
BROAD light therapy group. 

 

The BROAD light therapy group exhibited great variation in illuminance at eye level, from 

500 lux to 6800 lux. This variation was due to details in how participants set up the lights and 

properties of the room.  An exploratory correlation between symptom improvement after four 

weeks and the illuminance in the BROAD light therapy group found that participants who 

received more lux had greater symptom improvement, r(28) = .43, p = .032. The median 

illuminance in the BROAD light therapy group was 1400 lux. BROAD light therapy 

participants with a lower illuminance than this reduced their symptoms (as measured by the 

SIGH-SAD) by M = 8.9 (SD = 8.5), i.e. less than the control group, which reduced their 

symptoms by M = 13.24 (SD = 9.64). In contrast, participants with a higher illuminance than 

this experienced a symptom reduction of M = 16.7 (SD = 6.5), i.e. a greater reduction than 

the control group. Every doubling of illuminance (lux) was associated with a four SIGH-SAD 

points greater reduction in symptoms. 
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Figure 6. Key exploratory finding of Study 1. Correlation between symptom improvement 
after four weeks and log(lux) in the BROAD light therapy group. Participants who received 
more lux had better outcomes. Scatter plot with regression line. 

 

In conclusion, Study 1 found BROAD light therapy to be feasible. Both the BROAD light 

therapy group and the standard light therapy lamp group experienced large improvements in 

SAD symptoms, in line with previous studies The exploratory correlation showed that 

optimising the BROAD light therapy set-up to maximise illuminance at eye level might 

improve how effective this treatment is. 
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3.2 Study 2: Creatine supplementation for cognition 

 

Sandkühler, J. F., Kersting, X., Faust, A., Königs, E. K., Altman, G., Ettinger, U., Lux, S., 
Philipsen, A., Müller, H., & Brauner, J. (2023). The effect of creatine supplementation on 
cognitive performance—a randomised controlled study. BMC Medicine. 
https://doi.org/10.1186/s12916-023-03146-5 

 

 

Study 2 is the largest study to date examining how creatine supplementation affects 

cognitive performance. Creatine is a substance that aids in the recycling of adenosine 

triphosphate (ATP), a key energy source in both muscle and brain tissue. It is a safe, widely 

studied supplement for strength training. Previous research has indicated that taking 

creatine may raise its levels in the brain and possibly enhance cognitive function. However, 

findings on cognitive outcomes have been inconsistent, which could be linked to differences 

in study populations, supplementation methods, and the types of cognitive tests employed. 

Rae et al. (2003) found a large effect (greater than one standard deviation) of creatine 

supplementation on cognitive performance for the Backward Digit Span (BDS) and Raven’s 

Advanced Progressive Matrices (RAPM).  

The aim of Study 2 was to replicate Rae et al. (2003) and to expand their study by adding a 

group of omnivore participants to analyse the effect of diet and by adding eight exploratory 

cognitive tasks on inhibitory control, reaction time, memory, reasoning, task switching, and 

attention. Like Rae et al. (2003), our study was a cross-over study that was randomised, 

placebo-controlled, and double-blind, with 5g of each supplement being taken every day for 

6 weeks. The study included a total of 123 participants, about half of them omnivores and 

half vegetarians. Participants reported side effects, mainly digestional discomfort, 

significantly more often for creatine supplementation compared to placebo supplementation, 

p = .002, RR = 4.25 (see 4.2., Limitations). 
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The results of Study 2 were inconclusive. The mixed ANOVA (and equivalent independent 

samples t-test) found that the effect of creatine supplementation on cognitive performance 

for BDS was in the expected direction and bordered on significance, p = .067, η2
P = .028, d = 

0.17. The same analysis for RAPM found that the effect of creatine supplementation was in 

the expected direction but further from statistical significance, p = .327, η2
P = .008, d = 0.09.  

After creatine supplementation, in the BDS test participants remembered 0.2 more digits 

than after placebo supplementation. Because there were two series for each length, this 

equated to 0.41 more points in the creatine condition (Figure 7). After creatine 

supplementation, in the RAPM test participants were able to correctly solve 0.23 more 

matrices than after placebo supplementation (Figure 7).  

For BDS, the size of the effect of creatine supplementation was η2
P = .028, which means that 

2.8% of the variance that was not explained already by other factors was explained by the 

creatine supplementation. For RAPM, the size of the effect of creatine supplementation was 

η2
P = .008, which means that 0.8 % of the variance that was not explained already by other 

factors was explained by the creatine supplementation. If these tests had been IQ tests, this 

effect size would correspond to a 2.5 IQ point increase under creatine for BDS and 1 IQ 

point increase under creatine for RAPM. 

Robustness checks using different robust ANOVAs (5% winsorised, 20% winsorised, 20% 

trimmed, bootstrapped and 20% trimmed) found that the RAPM finding was robust (p-values 

between .354 and .672), but the finding for BDS was less so. For BDS, the 5% winsorised 

ANOVA had a p-value of .009, while the bootstrapped and 20% trimmed ANOVA had a 

p-value of .370. The other ANOVAs had p-values in between these two. 

Bayesian analyses were conducted to better understand how to update one’s belief about 

different hypotheses based on the data. According to van Doom et al. (2021), Bayes factors 

(BF10) between ⅓ and 3 mean that there is not enough data to decisively favour one 

hypothesis over the other. Within this interval, a BF10 below 1 gives weak support for the null 
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hypothesis, whereas a BF10 above 1 weakly supports for the alternative hypothesis. Once a 

BF10 exceeds 3 or falls below ⅓, the evidence is considered moderate and when it exceeds 

10 or falls under 1/10 the evidence is regarded as strong. Bayesian analyses found weak to 

moderate evidence for a small effect of creatine on cognitive performance in BDS, weak 

evidence for a small effect of creatine on cognitive performance in RAPM, and for both 

tasks, strong evidence against large effects like those found in Rae et al. (2003). 

 

Figure 7. Key findings of Study 2. a) Estimated marginal means for the Backward Digit 
Span (BDS) score. b) Estimated marginal means for Raven’s Advanced Progressive 
Matrices (RAPM) score. Error bars represent standard errors. 

 

Vegetarian and vegan participants did not benefit more from creatine than omnivore 

participants. In fact, the effect was in the opposite direction, although not significant 

(interaction between diet, supplement, and supplement order for RAPM p = .606, for BDS p 

= .559; interaction between diet and supplement for RAPM p = .392, for BDS p = .808), with 

similar results for the robust ANOVAs. Bayesian analyses of diet as a moderator found 

strong support in favour of the null hypothesis over the effect size in Benton and Donohoe 

(2011) (d = 0.36) and strong to weak support in favour of the null hypothesis over smaller 

effect sizes (see appendix). The robust ANOVAs and Bayesian analyses reported above 
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were performed without diet as a factor, because eliminating this factor did not affect the 

supplement effect and simplified the analyses. Similarly, there was no effect of diet for the 

exploratory tasks. 

Exploratory analyses found that there was no creatine effect for the 8 exploratory cognitive 

tasks; the findings were what would be expected by chance variation. There was no effect of 

age or gender for any of the confirmatory or exploratory analyses. 

The arguably more promising result for BDS compared to the other cognitive tasks might 

indicate that creatine is more helpful for working memory than for other types of cognitive 

tasks. Alternatively, it might be that BDS was a harder task than the others. It is definitely 

harder than the Forward Digit Span, which was the same task except participants said the 

digits in the order presented to them instead of in reverse order. It also seems likely that 

BDS was harder than other short-term/working memory tasks like the AVLT, in which 

participants had to remember as many words as possible out of a list of 15 words, or the 

BVMT-R, in which participants had to remember and draw as many as possible of six simple 

abstract figures. It is harder to compare the difficulty of the BDS to non-memory tasks. 

In conclusion, the effects for the two confirmatory cognitive tasks were in the expected 

direction but not statistically significant. The effect bordered significance for BDS (p = .067) 

but not RAPM (p = .327). The effect was robust for RAPM but less so for BDS. Bayesian 

analyses found weak to moderate evidence for a small creatine effect for these tasks, and 

strong evidence against a large effect like that found by Rae et al. (2003). Creatine was 

associated with side effects in some participants, which might make supplementation 

unadvisable or unappealing for them. Larger studies are needed to be more certain about 

whether or not there is a small effect of creatine on cognitive performance and how to 

reduce the likelihood of side effects. 
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3.3 Study 3: App-based psychotherapeutic exercises for 

anxiety 

 

Sandkühler, J. F.*, Kahl, F.*, Sadurska, M. Z., Brietbart, P., Greenberg, S., Brauner, J. 
(2025). The Immediate Impact of App-Based Psychotherapeutic Exercises on Anxiety: An 
RCT. Depression and Anxiety. https://doi.org/10.1155/da/5586831 

 

 

Anxiety disorders and subclinical anxiety are common and significantly impair quality of life. 

Psychotherapy is inaccessible to many individuals. App-based psychotherapeutic exercises 

are a solution that is accessible and highly scalable (see 1.4, Study 3). 

The aim of Study 3 was to test the immediate effects of twelve psychotherapeutic exercises 

of the Mind Ease app on anxiety. Immediate effects are relevant for e.g. engagement, 

compliance, breaking negative feedback loops, and during crises. We compared the 

exercises together and separately to two different controls (measurement-only and, in an 

exploratory fashion, reading control). Also in an exploratory fashion, we compared the 

effects of the exercises to each other. Participants (N = 1092) were assigned randomly to 

one of the exercises or one of the control groups. Double-blinding was implemented as 

much as possible (see section 2.5): Participants were not told whether they were in a control 

group but treatment expectation was likely lower in the control groups (see section 4.2). Staff 

did not interact with participants. State anxiety was measured with a custom scale validated 

against the state subscale of the State-Trait Anxiety Inventory. 

The confirmatory analysis comparing all the psychotherapeutic exercises together to the 

measurement-control group found a large and significant effect (p < .001, η2
P = .059, d [95% 

CI] = 0.8 [0.6; 1.0]), as did the confirmatory analysis comparing each exercise individually to 

the measurement-control group (all p = < .001, η2
P = .06 to .37, d = 0.5 to 1.5). Exploratory 

 



60 ​ ​ ​ ​ ​ ​ ​ ​ ​         STUDY SYNOPSES 

analyses with the reading control instead of the measurement-only control were very similar 

(all exercises together p < .001, η2
P = .063, d [95% CI] = 0.8 [0.6; 1.0], exercises individually 

p = .002 to < .001, η2
P = .06 to .37, d = 0.5 to 1.5). For all exercises, statistical significance 

was reached for the pre-registered threshold of p < .05, as well for conservative 

Bonferroni-corrected thresholds (correcting for twelve exercises, p < .004 and in all but one 

borderline case when correcting for twelve exercises and two control groups, p < .002). 

Skew values for anxiety scores (pre and post) ranged from -0.4 to 0.4, with kurtosis between 

-1.1 and 1.6. Winsorised, bootstrap, and trimmed ANOVAs produced comparable findings 

when used as robustness checks. Exploratory analyses indicated that higher baseline 

anxiety was linked to a stronger treatment effect, r(1052) = .178, p < .001. For the pre and 

post-anxiety scores of the merged exercise groups and the merged control groups, see 

Figure 8. For the improvement in anxiety for each group separately, see Figure 9. 

 

 

Figure 8. Key finding of Study 3 (merging groups). Pre and post-intervention means of 
the anxiety scores for all exercises together and the two control groups together. The anxiety 
score is the STAI state subscale equivalent. The error bars represent 95% confidence 
intervals. 
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Figure 9. Key finding of Study 3 (individual treatment groups). Reduction in anxiety, 
given in STAI state subscale equivalent, for the twelve exercises and two controls. Error bars 
represent 95% confidence intervals. For scatter plots and box plots of these data, see the 
appendix. 

Exploratory analyses found substantial differences between psychotherapeutic exercises. 

These differences were statistically significant at p = .05 much more often than would be 

expected by chance—28 out of 66 tests were significant at p = .05, while only 5%, i.e. three, 

would be expected to by chance. Adjusting the significance threshold for multiple testing to p 

= .0008 using the conservative Bonferroni method would classify nine comparisons as 

statistically significant.  

Differences between exercises were substantial even within the same category (Table 3). 

For example, the mindfulness exercise “mindful breathing” was significantly more effective 

than the mindfulness exercise “body scan”, p = .025, d = -.39. Exercises that were primarily 

based on mindfulness (d [95% CI] = 0.9 [0.6; 1.2], 1.0 [0.7; 1.3], 1.2 [0.9; 1.5], and 1.5 [1.2; 

1.9]) tended to be more effective than exercises that were primarily based on cognitive 

restructuring (d [95% CI] =0.5 [0.2; 0.8], 0.7 [0.3; 1.0], and 0.9 [0.6; 1.2]). Interestingly, the 

“mindful breathing” exercise was more effective than the “diaphragmatic breathing” exercise, 

p < .001, d = -1.00, suggesting that the mindfulness component made the exercise much 
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more effective. More generally, it is interesting that diaphragmatic breathing, which is a 

well-known relaxation exercise designed to have immediate positive effects, was less 

effective at reducing immediate anxiety than many exercises that are not relaxation 

exercises—all mindfulness exercises and even one of the cognitive restructuring exercises 

(“anxiety-excitement reappraisal”). Similarly, it might seem surprising that the “gratitude 

practice” exercise, which directs attention to life’s positive aspects, was less effective at 

reducing immediate anxiety than mindfulness exercises, which by their nature are not about 

focusing on positive aspects, but just about observing (e.g. thoughts, the breath, bodily 

sensations) nonjudgmentally. Given that our participants started with high baseline anxiety, 

this likely included paying attention to thoughts and bodily sensations related to anxiety. By 

contrast, the positive-focused relaxation exercise “guided imagery” and the relaxation 

exercise “progressive muscle relaxation” were among the most effective exercises. 
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Table 3. Comparing exercises to each other. 

 Cog. 
distort. 

Diaphr. 
breath. 

Silver 
lining 

Grat. 
pract. 

Body 
scan 

Anx.-
excit. 

Drop. 
anchor 

Expr. 
writ. 

LoaS PMR Guided 
imag. 

d M 

Cog. 
distort. 

/           0.5 3.4 

Diaphr. 
breath. 

.05, 

.766 
/          

0.6 3.0 

Silver 
lining 

.11, 

.506 
-.19, 
.269 

/         
0.7 4.3 

Grat. 
pract. 

-.17, 
.324 

-.26, 
.123 

-.05, 
.766 

/        
0.8  4.7 

Body 
scan 

-.33, 
.057 

-.43, 
.013 

-.23, 
.185 

-.19, 
.265 

/       
0.9 6.3 

Anx.- 
excit. 

-.30, 
.084 

-.42, 
.015 

-.18, 
.283 

-.14, 
.408 

.07, 

.700 
/      

0.9 5.7 

Drop. 
anchor 

-.38, 
.027 

-.50, 
.003 

-.27, 
.111 

-.23, 
.166 

-.03, 
.877 

-.10, 
.554 

/     
1.0  6.5 

Expr. 
writ. 

-.47, 
.009 

-.61, 
.001 

-.37, 
.037 

-.34, 
.055 

-.14, 
.439 

-.22, 
.223 

-.12, 
.501 

/    
1.1  7.5 

LoaS 
-.62, 
.0003 

-.75, 
<.0001 

-.52, 
.002 

-.49, 
.003 

-.28, 
.094 

-.37, 
.026 

-.27, 
.103 

-.15, 
.393 

/   
1.2 9.0 

PMR 
-.57, 
.001 

-.74, 
<.0001 

-.46, 
.007 

-.44, 
.011 

-.20, 
.241 

-.30, 
.083 

-.19, 
.273 

-.05, 
.764 

.11, 

.522 
/  

1.3 8.0 

Guided 
imag. 

-.64, 
.0002 

-.79, 
<.0001 

-.53, 
.002 

-.51, 
.002 

-.28, 
.099 

-.37, 
.024 

-.27, 
.107 

-.14, 
.437 

.02, 

.894 
-.09, 
.587 

/ 
1.3  8.7 

Mindful 
breath. 

-.78, 
<.0001 

-1.00, 
<.0001 

-.67, 
<.0001 

-.66, 
.0001 

-.39, 
.025 

-.51, 
.003 

-.38, 
.012 

-.23, 
.192 

-.06, 
.719 

-.19, 
.254 

-.09, 
.586 1.5  9.5 

 

Cohen’s d and two-sided p-value of Welch t-test for comparison between two exercises is 
given (unadjusted for multiple testing). Data with the time criterion is used. Light green: p < 
.05. Full green: p < .0008 (adjusted significance threshold). The last two columns show the 
effect size d and the mean M of each exercise when compared to the measurement-only 
control. Abbreviations used for the names of the exercises: Cog. distort. = Identifying 
cognitive distortions, Diaphr. breath. = Diaphragmatic breathing, Grat. pract. = Gratitude 
practice, Anx. - excit. = Anxiety-excitement reappraisal, Drop. anchor = Dropping anchor, 
Expr. writ. = Positive expressive writing, LoaS = Leaves on a Stream, PMR = Progressive 
muscle relaxation, Guided imag. = Guided imagery, Mindful breath. = Mindful breathing. 
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To conclude, Study 3 found that all twelve app-based psychotherapeutic exercises were 

more effective than the control conditions at reducing immediate anxiety, with medium to 

large effects. Differences between exercises were substantial, including within categories. 

Mindfulness exercises tended to be more effective than cognitive restructuring exercises. 

Perhaps surprisingly, some relaxation and positive-focused exercises were less effective at 

reducing immediate anxiety than exercises not focused on relaxation or positivity, such as 

mindfulness and even cognitive restructuring exercises. 
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4 DISCUSSION 

The studies presented in this dissertation contribute to improving mental health and 

cognition by evaluating three distinct interventions: Bright, whole-ROom, All-Day (BROAD) 

light therapy for seasonal affective disorder (SAD), creatine supplementation for cognitive 

enhancement, and app-based psychotherapeutic exercises for anxiety. Together, they 

represent a diverse approach to addressing mental health and cognitive performance 

through accessible interventions. This discussion highlights the implications, limitations, and 

potential for future research of each study, considers their combined contribution to mental 

health and cognitive enhancement, and discusses the similar research methods used to 

study the interventions. 

4.1 Integration 

4.1.1 Improving mental health and cognition 

The results of Study 1 show that BROAD light therapy, which uses whole-room, all-day light 

exposure, could be a feasible alternative to the standard 30-minute light box therapy against 

seasonal affective disorder. While numerical symptom improvement was similar across both 

treatments, BROAD therapy offers a more flexible approach for patients. This is particularly 

relevant for those who find adherence to daily light box sessions challenging. The 

association between higher illuminance and greater symptom reduction in the BROAD light 

therapy group tentatively suggests that if BROAD light therapy is set up the right way, it 

could be more effective than the standard 30-minute light box therapy. However, these 

findings were exploratory and need to be confirmed by follow-up studies.  

In Study 2, the effects of creatine supplementation on cognitive performance were modest 

but noteworthy, particularly for the Backward Digit Span (BDS), a verbal working memory 
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task. Although the effect size for creatine supplementation was small, I would argue that the 

potential for cumulative benefits across large populations or extended timeframes can be 

relevant. Creatine is already widely used for physical performance enhancement, and its 

safety profile makes it a viable candidate for cognitive supplementation. However, some 

individuals experience (non-serious and temporary) side effects, which might make creatine 

supplementation unadvisable or at least unappealing to these people. Furthermore, a lack of 

significant effects on Raven’s Advanced Progressive Matrices (RAPM) and other exploratory 

cognitive tasks suggests that creatine’s cognitive benefits may be limited to specific 

domains. The study did not find stronger effects for vegetarians, in contrast to our hypothesis 

that they would benefit more due to lower baseline creatine levels. Larger studies are 

needed to confirm cognitive effects of creatine, perhaps focusing on populations who are 

sleep-deprived, older, or cognitively impaired, where the potential benefits might be more 

pronounced. While the latter two are speculation, based on the premise that it is easier to 

improve lower performance, a recent study provided exciting evidence that even a single 

dose of creatine might improve cognitive performance when sleep-deprived (Gordji-Nejad et 

al., 2024). 

Study 3 demonstrated that psychotherapeutic exercises delivered through an app can 

provide immediate and substantial relief from anxiety. Immediate anxiety reduction is 

particularly important during emotional crises and for engagement and adherence. The large 

effect sizes across all exercises indicate that brief, app-based interventions can be powerful 

tools for mental health management. These results are especially promising given the 

accessibility of mobile apps, which can be used at scale to address subclinical anxiety or 

supplement traditional therapy for clinical anxiety disorders. Effect sizes differed substantially 

between exercises, including between exercises of the same category. Mindfulness 

exercises tended to have a larger positive effect than cognitive restructuring exercises. 

Typical relaxation exercises were not in all cases more effective than exercises that included 

exposure to anxiety-related thoughts and bodily sensations. The psychotherapeutic 
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techniques used in the Mind Ease app—derived from cognitive behavioural therapy (CBT), 

mindfulness, and acceptance and commitment therapy (ACT)—are well-established in 

providing long-term benefits. However, the long-term effectiveness of these specific 

app-based exercises remains to be tested. Future trials should assess whether consistent 

use of the app over longer periods leads to sustained improvements in anxiety, and whether 

these exercises can effectively prevent the development of anxiety disorders and possibly 

also substance use disorders. 

The studies in this thesis found effects of various sizes. Study 1 found a statistically 

significant exploratory correlation, indicating that every doubling of illuminance (lux) was 

associated with a four SIGH-SAD points greater reduction in symptoms (r(28) = .43, p = 

.032). This effect size might be considered moderate or large based on different heuristics 

suggested in the literature (Gignac & Szodorai, 2016). Both groups (BROAD light therapy 

and standard light therapy lamp) showed large and highly statistically significant 

improvements, d = 1.4 in each case. However, this is the difference before vs. after 

treatment without comparing it to a passive control group. Study 1 used the standard light 

therapy lamp condition as an active control. The effects of light therapy with a standard light 

therapy lamp are well studied, so the numerically similar effects found in the new treatment 

and the active control are unlikely to be due just to the passing of time. The effect size is in 

line with those in previous studies (Pjrek et al., 2020). By contrast, the effect sizes in Study 2 

(the effects of creatine on cognitive performance) were small (d = 0.17 and d = 0.09) and 

more uncertain. The effects were in the expected direction for the two confirmatory cognitive 

tasks, but only one bordered significance (p = .067 and p = .327). There was no indication of 

an effect of creatine on the exploratory cognitive tasks. The small effect sizes found for the 

two confirmatory cognitive tasks are in stark contrast to the large effects of about d = 1 found 

by the study we were replicating and expanding (Rae et al., 2003). Study 3 found that the 

app-based psychotherapeutic exercises had highly statistically significant, moderate to large 
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effects on immediate anxiety (d = 0.5 to 1.5). These effect sizes are broadly in line with 

previous studies (see the appendix for a comprehensive discussion). 

A number of factors might explain the similarities and differences in effect sizes, such as 1) 

how established the effects the studies built on were, 2) the breadth and nature of the target 

population, 3) the level of functioning, and 4) how ambitious the studies’ aims were. Light 

therapy against SAD and psychotherapeutic exercises have well-established effects. The 

studies in this dissertation tested variations of these interventions. These interventions were 

new to some extent but also had much in common with interventions known to be effective. 

This can explain why these two studies found moderate to large effects. By contrast, the 

literature on creatine supplementation to improve cognition in healthy adults is not well 

established. There are well-established benefits of creatine supplementation, but these are 

regarding muscle performance, including in healthy individuals, and cognitive performance in 

individuals with creatine deficiency syndromes. These scenarios are too different from the 

scenario of Study 2—creatine supplementation to improve cognitive performance in healthy 

adults—to expect effects based on these previous findings. More similar scenarios to Study 

2 have been tested before, but there were only a few studies, usually small, with 

heterogeneous methods and results. Study 2 had a much broader target population (healthy 

adults) than Study 1 (adults with SAD) and Study 3 (adults with high state anxiety). More 

targeted interventions might be more likely to have larger effects. In addition, the participants 

in Studies 1 and 3 started at a relatively low level of functioning regarding the outcome 

variables (SAD symptoms and state anxiety), while the participants in Study 2 started at a 

relatively high level of functioning regarding the outcome variables (cognitive performance). 

It might be easier to improve functioning when it is lower. In other words: Study 2 had a more 

ambitious aim (substantially improving cognitive performance in the general population using 

a little-researched method) compared to the more modest aims of Studies 1 and 3 (more 

incremental improvements in our knowledge of well-established interventions to improve low 

functioning in terms of SAD symptoms and state anxiety in targeted populations). This made 
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Study 2 less likely to succeed, but with more far-reaching consequences if it did than Studies 

1 and 3. 

The interventions studied present complementary tools for different facets of mental health 

and cognition. For example, depression and anxiety are highly comorbid and share many 

similar psychological mechanisms, such as cognitive inflexibility and unhelpful beliefs. The 

app-based psychotherapeutic exercises of Study 3 are based on approaches (mostly 

mindfulness and cognitive behavioural therapy) that are backed by many studies as being 

effective for anxiety and depression, including the recurrent type of depression that is 

seasonal affective disorder, as well as many other mental health conditions. This means that 

the population of Study 1, patients with seasonal affective disorder, would likely benefit from 

these app-based psychotherapeutic exercises, too. Conversely, bright white light has been 

found to benefit not just patients with seasonal affective disorder, but also individuals with 

other forms of depression, and some studies have suggested it might have a (modest) 

anxiolytic effect as well (Terman & Terman, 2005; Youngstedt & Kripke, 2007). In addition, 

individuals seeking to improve their cognitive performance (the topic of Study 2) are likely to 

benefit from the interventions of Study 1 (bright white light) and Study 3 (app-based 

psychotherapeutic exercises). Due to the substantial effect mental health has on cognitive 

performance, this is, in particular, true for populations for which these interventions constitute 

mental health treatments (individuals with seasonal affective disorder, anxiety, etc)—but not 

just them. Bright white light has been found to increase alertness and executive function in 

individuals with seasonal affective disorder and also in healthy individuals (Huang et al., 

2024). Psychotherapeutic exercises, in particular mindfulness exercises, have been found to 

improve cognitive performance also in healthy individuals (Zeidan et al., 2010). Conversely, 

some studies suggest that creatine supplementation might reduce symptoms of depression, 

although this evidence is still very preliminary (Bakian et al., 2020). 
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4.1.2 Accessibility 

Any discussion of how to improve mental health and cognition must also consider how easily 

these interventions can reach the people who can benefit from them. The interventions 

explored in this dissertation each offer ways to improve accessibility and scalability in mental 

health care and cognitive enhancement.  

One advantage of BROAD light therapy, the novel approach to treating SAD tested in Study 

1, is its accessibility. Individuals can move around and engage in other activities while 

receiving treatment. This flexibility could make the treatment more accessible than the light 

box treatment to some people. The materials required for BROAD therapy—bright white 

bulbs and socket cords—are publicly available and easily ordered online. Accessibility is 

further supported by the fact that the therapy can be administered at home or in the office, 

eliminating the need to travel to a clinic for treatment. This not only reduces logistical 

barriers, such as transportation time and costs, but also offers psychological comfort for 

patients who might feel more at ease in their own environment rather than in a clinical 

setting. While BROAD therapy is more expensive than a standard light therapy lamp, it 

remains cheaper than clinic-based light therapy or ongoing psychotherapy sessions. For 

patients who value the added flexibility and convenience, this additional cost could be 

justified. If future research confirms that maximising illuminance at eye level leads to greater 

treatment effects for BROAD light therapy than standard light box therapy, as suggested by 

the exploratory analyses, the benefits of BROAD therapy would likely outweigh its costs for 

many patients, and insurance coverage could make the therapy even more accessible. 

Creatine supplementation offers an accessible approach to cognitive enhancement if a 

positive effect is confirmed by future research. As a widely available, inexpensive 

over-the-counter supplement, creatine is already commonly used by athletes and fitness 

enthusiasts. It requires no special equipment, no time-consuming process, and little effort to 

implement. 
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Finally, the app-based exercises against anxiety tested in this dissertation are a very 

accessible mental health treatment. In contrast to traditional psychotherapy, patients do not 

need to wait for a free spot, which can take a long time. They do not need to travel to the 

therapist nor face the stigma that unfortunately still often surrounds visiting a therapist. If 

psychotherapy is not covered by insurance, paying for it can be very expensive for the 

patient. Self-help apps are cheap, because once developed, it costs almost nothing to 

deliver them to an additional person. This also makes them a very scalable solution. I would 

like to emphasise that in many cases self-help apps are unlikely to be sufficient. However, 

they might fill the gap for people who would not seek or receive any treatment otherwise, 

supplement psychotherapy, prevent mental health from deteriorating to the point of needing 

psychotherapy, and in some cases replace it. 

The interventions in the three studies do not only have in common that they all focus on 

accessible interventions, but they also overlap in the factors contributing to making these 

interventions accessible. For example, the interventions in all three studies are relatively 

low-cost. Creatine monohydrate in powder form commonly costs less than 20 €/kg on 

amazon.de. Using the common supplementation regime (also used in Study 2) of 5 g/day, 

the costs for creatine supplementation are 10 Cents per day, i.e. 3 € per month. Study 2 had 

the cheapest intervention. The psychotherapeutic exercises tested in Study 3 were all part of 

the Mind Ease app. These exercises can be accessed in the app for free, although for full 

functionality of the app users have to pay 10 USD (9 €) per month, or less if they choose 

yearly (50 USD) or lifetime (150 USD) access. The one-time cost of the materials used for 

BROAD light therapy per participant in Study 1 was 350 €. In addition, there are energy 

costs of this treatment. We compensated participants in Study 1 for these expenses with 35 

€ for 4 weeks of treatment. This makes the intervention in Study 1 the most expensive of the 

three studies. It might be possible to adapt the treatment to conserve some of its potential 

benefits over standard light therapy (broad lighting, allowing more movement and longer 

treatment durations) while reducing the number of bulbs and therefore the costs of 
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equipment and energy. However, even in its current state, BROAD light therapy is cheap 

compared to e.g. psychotherapy or the costs of having seasonal affective disorder, and 

would be worth the increased costs compared to standard light therapy lamps if the right 

setup is confirmed as more effective by future studies.  

Another common factor that makes all three studied interventions accessible is that they 

require minimal effort. BROAD light therapy (Study 1) requires material to be ordered online, 

set up at home, and after this the lighting only needs to be switched on and off every day. 

Creatine supplementation (Study 2) only requires consuming a teaspoon of creatine powder 

mixed in e.g. a glass of water every day. App-based psychotherapeutic exercises (Study 3) 

require only 5-10 minutes per day. 

All three interventions are low-risk. The interventions with the lowest risk of the three studies 

were the psychotherapeutic exercises in Study 3. No adverse effects were reported. The 

interventions in Studies 1 and 2 had some side effects: eye ache, headache, and agitation 

for light therapy; digestional problems and weight gain for creatine supplementation. These 

side effects were not severe and affected only a minority of participants, however, for 

affected individuals this might make the interventions unsuitable. It seems plausible that side 

effects might be reduced by adjusting the illuminance and dispersion of the light and mixing 

creatine in warm water, respectively, although this would need to be tested. 

Availability and scalability are important accessibility factors. All three interventions are 

highly available and scalable, mainly because they can be acquired and implemented by 

individuals for themselves without requiring trained staff. The most easily available and most 

scalable intervention of the three are the psychotherapeutic exercises (Study 3). They only 

require a smartphone, which has become increasingly common even in low-income 

countries. No additional infrastructure is needed to scale up the intervention. The 

interventions in Studies 1 and 2 are commercially available by a large number of companies. 

The materials can be ordered online or bought in stores. The materials seem to be available 
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through both of these options, not just in Germany but also in many other countries, 

including low-income countries. Only individuals in remote areas might have difficulty 

obtaining these interventions. Scaling these interventions up is not as trivial as with the 

psychotherapeutic exercises, but seems very feasible, as there seems to be no particular 

reason why companies could not increase the production of these materials.  

The interventions studied in this dissertation all demonstrate the potential to make mental 

health and cognitive enhancement more accessible and scalable. BROAD light therapy 

offers a flexible, home-based solution to SAD, while creatine supplementation might provide 

a low-cost, effortless option for (slight) cognitive enhancement. The self-help app for anxiety 

overcomes many of the traditional barriers to mental health care, offering a cost-effective 

and highly scalable solution. Together, these interventions represent advancements in 

making mental health treatments and cognitive enhancements available to a broader 

population. 

4.1.3 RCTs, CONSORT, Open Science, and frequentist, Bayesian, and 

robust statistics 

This section discusses how the three studies adhered to best practices in clinical research, 

including the randomised controlled trial (RCT) design, CONSORT guidelines, Open Science 

principles, and statistical methods. 

All three studies had a randomised design. This ensured that differences between the 

groups were not due to self-selection and that known or unknown confounding variables 

were likely to be balanced between the groups. For known confounding variables, such as 

the baseline level of depression/anxiety/cognitive performance, I checked if this balance 

between groups had been achieved, with overall very satisfactory results. Studies 2 and 3 

randomised participants individually. Because Study 1 had a smaller sample size, 

participants were randomised in three strata based on baseline symptom severity and in 
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blocks of varying sizes. This made it more likely that the groups would have an equal 

number of participants and that the baseline symptom severity would be similar across 

groups, while still keeping the assignment unpredictable. This was not necessary for Studies 

2 and 3, because larger sample sizes make substantial, random differences between groups 

unlikely. 

All three studies included control groups. The control group in Study 1 was active and 

consisted of the standard of care in light therapy. In Study 2, the control substance was 

maltodextrin, which is superficially similar to the treatment substance (creatine). Study 3 had 

two control groups: An “activity as usual”/measurement-only control group and a reading 

control group, which allowed us to compare the psychotherapy exercises to a real-world 

alternative and to an attention-matched alternative, just in case these two would impact 

anxiety in different ways (they did not). These control groups ruled out effects of time, 

measurement, attention, and in Study 1 and 2 to a large extent, expectation. Expectation 

was likely similar between treatment groups but lower for the control group than the 

treatment groups in Study 3. Given the transparent nature of psychotherapeutic exercises, it 

is difficult to create a control group that is superficially similar (involves reading text etc.), 

elicits high treatment expectations, and at the same time is not actually a psychotherapeutic 

intervention. Research staff was blind and participants were blind to the extent that this was 

possible, ruling out for the most part effects of researcher or participant expectation. While 

participants were not told whether they were receiving the intervention of interest or the 

control intervention, some might have guessed correctly due to side effects or apparent 

differences between the interventions (see 4.2). 

Studies 2 and 3 were confirmatory and followed the respective CONSORT reporting 

guideline for confirmatory trials, while Study 1, a feasibility study, adhered to the CONSORT 

guidelines for pilot and feasibility trials. The CONSORT guidelines provide a structured 

framework for reporting trials, including a detailed account of study design, randomisation, 
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blinding, and participant flow. This ensured all the relevant information was reported so that 

the studies can be understood in depth, assessed, and replicated. 

All three studies followed Open Science principles. Each study was preregistered and the 

data were made publicly available, ensuring transparency in the research process. 

Preregistration involves publicly declaring the study design and analysis plan before data 

collection begins. Deviations from preregistered plans were clearly documented and justified. 

For example, we did not preregister a time criterion in Study 3, but it became apparent that 

some participants took so little time they could not have done the exercise properly, and 

others took so much time that they most likely did other activities in between. So, I ran and 

reported two analyses: one with and one without these participants. The results were the 

same. 

The studies combined frequentist, Bayesian, and robust statistical methods to ensure 

comprehensive and reliable analyses. Frequentist statistics were the primary analysis 

method in all three studies. In frequentist analysis, p-values are used to assess how likely 

the observed data would be under the null hypothesis. This approach is widely understood 

and provides a standard way to assess evidence. In Study 1, the Pearson correlation and its 

p-value were used to explore the relationships between illuminance in BROAD light therapy 

and clinical outcomes. In Studies 2 and 3, frequentist methods such as mixed ANOVAs were 

employed to examine the effects of creatine supplementation and app-based 

psychotherapeutic exercises, respectively. In addition to frequentist analysis, Study 2 

included Bayesian statistical methods. To ensure the reliability of findings and account for 

potential violations of assumptions, robust (frequentist) statistical methods were also 

employed in Studies 2 and 3. These methods, including trimming, winsorizing, and 

bootstrapping, provide more resilient estimates by minimising the influence of outliers and 

deviations from normality.  
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Bayesian analysis helps interpret the data in a more nuanced way depending on which effect 

sizes are of interest. When even small effect sizes are of interest and the effect of an 

intervention is large and highly significant, such as in Study 3, a Bayesian analysis might be 

superfluous. In Study 2 however, the effect of the intervention was small and we were 

interested in better understanding how much to update towards or away from two different 

hypotheses: a (more realistic) small effect, and the large effect of the study we were 

replicating and expanding on. The combination of frequentist, Bayesian, and robust methods 

strengthened the understanding of the findings, as each approach offers unique advantages. 

4.2 Limitations 

The studies in this thesis are not without limitations. Some limitations are common among 

the three studies: 1) The specific samples limit generalisation. 2) Differences between the 

treatments and control conditions limited the extent of blinding. 3) While my samples were 

larger than is common for these types of studies, the samples were nevertheless not large 

enough to answer all the questions that would have been interesting to answer. 

4.2.1 Study 1  

Study 1 had several limitations. The study was not powered to detect differences between 

BROAD light therapy and the control group, the standard light therapy lamp. Originally, it 

was planned to recruit participants over several winters to reach a sufficiently high sample 

size to test differences between groups. However, results of the first winter, i.e., the 

exploratory correlation between illuminance at eye level in the BROAD light therapy group 

and improvement in SAD symptoms, suggested that differences in how participants had set 

up BROAD light therapy in their homes had a substantial impact. The illuminance had varied 

greatly between participants and had been too low in many cases. The intervention for future 

winters would have needed to be adjusted so that all participants in the BROAD light therapy 

group would have a higher illuminance, and the data from the first winter could not have 
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been merged with the following winters. We considered the feasibility and exploratory 

correlation results of the first winter to be sufficiently interesting in their own right to be 

published separately. 

Another limitation was that the packaging of the standard light therapy lamp, which 

advertised the therapeutic properties of the lamp, likely increased the placebo effect of this 

treatment. By contrast, the packaging for the BROAD light therapy group did not include any 

such advertising. A further disadvantage for BROAD light therapy might have been 

aesthetic. I consider the standard light therapy lamp more aesthetically pleasing than the 

BROAD light therapy set-up, and suspect that correcting this disadvantage might be relevant 

for mood. Lastly, Study 1 did not include an inactive control group, so it did not prove that the 

improvement in SAD symptoms in both groups was due to the treatments. Nevertheless, the 

standard of care (light therapy lamp) employed as the control condition in this study is 

well-researched and our effect sizes are in line with previous studies. 

4.2.2 Study 2 

Study 2 had several limitations. Creatine levels in the brain and the blood were not 

measured and adherence was self-reported. After they completed their last test, we asked 

participants to guess their supplement order. Participants guessed correctly more often than 

not, bordering on significance (p = .08). Participants who guessed correctly based their 

guesses on solubility, negative side effects, and positive side effects. However, it is worth 

noting that almost all participants, even those who guessed correctly, reported being unsure 

about their guess. Maintaining complete blinding for participants who experience side effects 

is challenging. The side effects of creatine supplementation are widely recognised and not 

serious (Bender et al., 2008; de Souza e Silva et al., 2019; Kreider et al., 2017; Kutz & 

Gunter, 2003). However, they might make creatine supplementation unadvisable or 

unappealing for individuals who experience them. It is possible that supplementing creatine 
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in a different way, e.g. mixed in warm water, might have reduced the likelihood of side effects 

(see below). 

To address solubility differences, we asked participants to stir their supplements into yoghurt. 

Using yoghurt instead of water might have lowered creatine absorption because yoghurt 

usually has less water and is cold, both of which reduce creatine solubility (Harris et al., 

2002). Even so, yoghurt remains fairly fluid and is about 70–90% water (Bodner-Montville et 

al., 2006). It also contains carbohydrates (4–18 g/100 g) (Bodner-Montville et al., 2006), 

which can help the body hold on to creatine (Hultman et al., 1996; Steenge et al., 2000). In 

addition, yoghurt’s pH is lower than water (4 vs. 6.5–9.5) (Hennighausen, 2001; Ott et al., 

2000), which may further support absorption (Jäger et al., 2011). Overall, we believe mixing 

creatine with yoghurt probably allows absorption on par with cold water, though not as well 

as warm water. For future research, we suggest using cellulose as the placebo and a 

cellulose–creatine mix as the treatment, since these look very similar when dissolved in 

water. The alternative—capsules—would mean taking many pills every day, which would 

likely reduce adherence and greatly increase costs. 

The COVID-19 pandemic started in the middle of the study, which meant that testing had to 

be changed from in-person to over video. The blocktapping (Corsi) task had to be set up 

digitally. The number of participants was lower for this task, because the digital version of 

this task was not immediately available. More generally, the pandemic might have introduced 

noise in the study. On the other hand, the standard deviations in our study were similar to 

those of Rae et al. (2003), so maybe this effect was not pronounced. 

We could not analyse about four percent of the data because it lacked participant and 

timepoint labels. Although this study had a larger sample size than others, an even bigger 

sample would be needed to detect smaller but still important effects.  
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4.2.3 Study 3 

Study 3 had several limitations. Only immediate effects on anxiety were assessed, so it 

remains unclear how the effects of the different app-based psychotherapeutic exercises 

develop over time. We believe these exercises likely produce lasting benefits, particularly 

when performed regularly, since they use methods already known to have long-term positive 

effects. However, more investigation is needed to determine how well these specific 

exercises work and how their impact changes and compares over time. 

Treatment expectations were likely higher in the exercise groups than in the control groups 

(measurement-only control and reading control). This is a problem for the comparisons 

between control groups and exercise groups, but not between exercise groups. It is not 

straightforward to determine an appropriate control group for psychotherapeutic exercises 

and this question is debated in the literature (Gaab, 2023). A control intervention that looks 

like a psychotherapeutic exercise and elicits high treatment expectations might be in fact 

considered psychotherapeutic. 

Participants in this study were recruited through the Positly platform, which uses Amazon 

Mechanical Turk along with extra quality checks to reduce inattentive users and spammers 

(see the Participants section in the paper for details). Because these participants may have 

been less personally interested in the exercises, they might have put in less effort than 

typical app users—suggesting that real-world effects might be stronger than what we 

observed. Limiting recruitment to the United States and relying on volunteers who are 

comfortable with Positly and willing to join the study may also affect how widely these 

findings apply. 

The original plan was to have a substantially higher sample size to be able to detect even 

small effects. Because recruitment was slower and more expensive than expected, we 

adjusted the sample size in the preregistration to N = 1126, i.e. twice the size collected at 
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that point. This sample size was not powered to detect small differences between exercises, 

but was still powered to detect medium-sized differences. 

4.3 Future research 

In addition to addressing the limitations described in section 4.2, there are a number of 

promising directions for future research on improving mental health and cognition.  

One possibly promising direction for future research might be to study how to personalise 

treatment. For example, for treatment against seasonal affective disorder, different 

individuals might have different optimal times of treatment (Lewy et al., 2006), levels of 

illuminance at eye level, colour temperatures, and other details of the set-up of the light. 

Some people might respond better to light therapy and some to other treatments such as 

psychotherapy or medication. For other individuals, less talked about factors might play a 

role, e.g. temperature. For apps against anxiety, the effect of an intervention might depend 

on the situation, type of anxiety, culture, and other user characteristics. 

Another helpful avenue for future research might be to better understand side effects of the 

interventions presented here. Light therapy can cause headache, eye ache, and agitation in 

some people. It would be good to know to what extent this can be avoided without sacrificing 

the treatment effect, e.g. by diffusing the light better or by downregulating the illuminance for 

sensitive patients. Creatine supplementation causes digestive discomfort in some people. It 

would be good to know to what extent this can be avoided by e.g. using warm water to 

dissolve the creatine or dividing the creatine dose into smaller doses spread throughout the 

day. 

While studies in this area are already generally randomised, controlled, and mostly 

CONSORT-compliant, they are often not preregistered and rarely employ Bayesian or robust 

statistics. I strongly recommend future research be preregistered to improve the 

transparency of the research process and thus the credibility of the findings. I recommend 
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future research to use additional statistical approaches, in particular robust statistics 

including bootstrapping and trimming, to give a more complete picture and to show to what 

extent findings are robust to deviations from normality. 

4.4 Conclusions 

The studies included in this dissertation contribute to our understanding of how to improve 

mental health and cognition in an accessible manner. Three interventions—a new version of 

light therapy against seasonal affective disorder, creatine supplementation to improve 

cognition, and a self-help app against anxiety—were tested and found to be overall 

promising and worth further investigation.  

In the overall quest to find scalable interventions for mental health and cognition, this thesis 

represents an important extension of previous research by 1) finding new ways to make light 

therapy more accessible and potentially more effective, 2) testing the effect of creatine on 

many different tests of cognition and with the largest sample size found in the literature to 

date, 3) providing the first official test of the exercises in the Mind Ease app against anxiety 

and testing an unusually large number of exercises in the same standardised fashion. 
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Abstract

Background: Seasonal affective disorder (SAD) is common and debilitating. The

standard of care includes light therapy provided by a light box; however, this

treatment is restrictive and only moderately effective. Advances in LED technology

enable lighting solutions that emit vastly more light than traditional light boxes. Here,

we assess the feasibility of BROAD (Bright, whole‐ROom, All‐Day) light therapy and

get a first estimate for its potential effectiveness.

Methods: Patients were randomly assigned to a treatment for 4 weeks; either a very

brightly illuminated room in their home for at least 6 h per day (BROAD light

therapy) or 30min in front of a standard 10,000 lux SAD light box. Feasibility was

assessed by monitoring recruitment, adherence, and side effects. SAD symptoms

were measured at baseline and after 2 and 4 weeks, with the Hamilton Depression

Rating Scale‐Seasonal Affective Disorders 29‐items, self‐report version.

Results: All 62 patients who started treatment were available at 4‐week follow‐up

and no significant adverse effects were reported. SAD symptoms of both groups

improved similarly and considerably, in line with previous results. Exploratory

analyses indicate that a higher illuminance (lux) is associated with a larger symptom

improvement in the BROAD light therapy group.

Conclusions: BROAD light therapy is feasible and seems similarly effective as the

standard of care while not confining the participants to 30min in front of a light box.

In follow‐up trials, BROAD light therapy could be modified for increased illuminance,

which would likely improve its effectiveness.
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1 | INTRODUCTION

Becoming depressed every winter is a common and debilitating

experience. Standard light therapy is time‐intensive for the patients

and only moderately effective. Is the “dose of light” used in the

standard therapy simply too low?

Seasonal affective disorder (SAD) is a seasonal pattern of

recurrent major depressive episodes that most commonly occurs

during autumn or winter with full remission during spring and

summer (Rosenthal et al., 1984). SAD is thought to be caused

primarily by a lack of daylight (Levitan, 2007); The prevalence of SAD

based on diagnostic interviews is estimated to be, for example, 2.9%

in Toronto, Canada (Levitt et al., 2000), 2.4% in North Wales

(Michalak et al., 2001), 3.4% in Zurich, Switzerland (Wirz‐Justice

et al., 2019), and 0.4% in the contiguous United States (i.e., excluding

among other places, Alaska; Blazer et al., 1998).

Light therapy is one of the most commonly recommended

treatments for SAD (Anderson et al., 2008; Bauer et al., 2013;

Gelenberg et al., 2010; Kurlansik & Ibay, 2012; Mårtensson

et al., 2015; Praschak‐Rieder & Willeit, 2003; Ravindran et al., 2009;

Terman & Terman, 2005). For a short overview of the neurobiological

effects of light therapy against SAD see Pjrek et al. (2020). Light

therapy is usually provided by sitting in front of a light box for 30min

in the morning, restricting the number of activities during this time.

This proof of concept trial introduces a new light therapy that

enables patients to go about their daily activities during treatment.

Meta‐analyses showed that the standard treatment regimen is

only moderately effective (Golden et al., 2005; Mårtensson

et al., 2015; Pjrek et al., 2020). Since SAD patients remit in summer,

the reason why the current treatment is not fully effective might be

that it differs too much from summer light. The new light therapy in

this trial is more similar to summer than standard light therapy in

several ways.

Currently, relevant guidelines and light therapy lamp manufac-

turers recommend light therapy that has the following characteristics

(Kurlansik & Ibay, 2012; MayoClinic, 2017; National Health Ser-

vice, 2018; National Institute of Mental Health, 20‐MH‐8138;

Philips, 2018):

• Light emitted by a SAD therapy lamp, which usually provides

10,000 lux at 20 cm distance to the eyes and only covers a small

area of the visual field.

• Exposure for 30min per day, preferably in the morning.

Alternative recommendations are 5000 lux for 1 h and 2500 lux

for 2 h.

In contrast, consider the characteristics of natural sunlight on a

summer's day:

• Homogeneous illumination: The environment is much more evenly

lit, bright light reaches the eye from all of the visual field. It might

be beneficial to have the whole visual field illuminated and not just

the small area covered by a light box.

• Duration: People are exposed to bright illuminance for many hours

of the day (Li et al., 2010; Matour et al., 2017).

• Illuminance: Sunlight in summer has an illuminance of up to 25,000

lux in the shadow1 (Li et al., 2010; Matour et al., 2017).

Assuming that patients keep the correct distance from the lamps,

the standard recommended light therapy broadly meets the illumi-

nance (lux) of natural lighting on a summer's day. However, it covers

only a small part of the visual field, and the duration is short. We

aimed to make light therapy more similar to summer lighting by using

“more light”—bright light that covers the whole visual field for many

hours. We term this experimental treatment BROAD (Bright, whole‐

ROom, All‐Day) light therapy.

Indeed, there are online reports from patients suffering from

SAD, who have experimented with such solutions and have reported

that they found them much more effective than the standard SAD

light box.2 We interviewed several of these patients, and their

experiences directly informed the experimental treatment we

evaluated in the trial. The setup for BROAD light therapy, as

evaluated in this trial, costs around 350 euros and consists of a

socket cord with up to 70 very bright LED light bulbs, which

participants installed in a room in their home where they spent at

least 6 h per day (Figure 1).

BROAD light therapy is related to an existing treatment in the

literature—light room therapy, that is, bright light that covers the

whole visual field, but which is clinic‐based and with shorter

treatment durations. Light rooms have been studied for the

treatment of SAD, with promising initial results. Six studies on light

room therapy against SAD and six studies on light room therapy

against other disorders found many positive psychological and

neurological effects (Canazei et al., 2017; Kripke et al., 1983, 1992;

Partonen et al., 1992, 1993; Rastad et al., 2008, 2011, 2017; Stain‐

Malmgren et al., 1998; Thalén et al., 1995; Van Someren et al., 1997;

Wirz‐Justice et al., 1999). These studies gave patients exposure for

up to 3 h with illuminance ranging from 1100 to 4300 lux (Canazei

et al., 2017; Kripke et al., 1983, 1992; Rastad et al., 2008, 2011, 2017;

Stain‐Malmgren et al., 1998; Thalén et al., 1995; Van Someren

et al., 1997; Wirz‐Justice et al., 1999). No study compared the

efficacy of a light room against the more common SAD light box

treatment. In all these previous studies, the patients had to travel to a

central location, usually a clinic, to spend time in a light room

specifically installed for this purpose. In contrast, we brightly

illuminated a room in the patient's home for 6 or more hours per

day while they went about their daily activities. This new treatment is

cheaper, more convenient for the patients, and enables longer

exposure times.

1Due to their position in the eye socket, the eye balls are usually in the shadow. On surfaces

with direct sun exposure, much higher illuminances of more than 100,000 lux are reached

during the summer (Li et al., 2010; Matour et al., 2017).
2Example from a SAD patient: https://meaningness.com/metablog/sad-light-led-lux.

Example from a healthy person: https://www.benkuhn.net/lux/
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BROAD light therapy seems like a fairly natural extension of light

room therapy, so one might ask why it has not been studied before.

We think this might be due to past technical constraints. Producing

bright light was much harder and more expensive in the past, which

made the treatment tested in this trial prohibitively expensive.

However, recent advances in LED technology enable affordable and

powerful lighting solutions.

Developing less restrictive forms of light therapy is valuable. In

addition, we hypothesize that BROAD light therapy can be made

more effective at treating SAD than a SAD light box. Should our

hypothesis be confirmed by our proof of concept trial or further

follow‐up trials, these findings would have the potential to

revolutionize SAD therapy and reduce the symptom severity of

millions of patients worldwide. The changes to clinical practice would

be straightforward to implement: Physicians could simply recom-

mend different lighting solutions to their patients. In this proof of

concept trial, we aimed to explore the feasibility and acceptance of

BROAD light therapy, get a first estimate for its potential effect to

inform whether larger follow‐up trials are warranted, and explore

how our concrete implementation of BROAD light therapy can be

improved.

2 | METHODS

This is a short summary of the study design and protocol. Further

details on all sections can be found in the Supporting Information:

Appendix.

2.1 | Study design

We did a randomized, partially blind (see section on blinding), parallel‐

group, proof of concept trial with a primary endpoint at 4 weeks from

randomization. The trial evaluated a BROAD light therapy compared

with an active control—the standard of care (a SAD light box). The

trial design and participant flow are summarized in Figure 2. The trial

was prospectively registered (drks.de identifier: DRKS00023075;

https://osf.io/ndjm4/) and ethical approval was obtained from the

ethics committee of Witten/Herdecke University (184/2020). Apart

from telephone calls and the intervention itself, all aspects of the

study, including screening, consent, diagnosis video calls, treatment

allocation, and symptom assessment were conducted online. Parti-

cipants received the lamps via mail and set them up at home.

2.2 | Participants

Participants were recruited through general practitioners, clinics, and

social media between 29/09/2020 and 29/01/2021 and treated

between 17/11/2020 and 17/03/2021. A screening questionnaire

briefly assessed if the eligibility criteria were met. Participants who

met these criteria received the Hamilton Depression Rating Scale‐

Seasonal Affective Disorders 29‐items Version, self‐report version

(SIGH‐SAD‐SR) to assess their SAD symptom severity for screening

and randomization purposes. If participants’ symptoms were not yet

severe enough, they were asked to answer the screening SIGH‐SAD‐

SR again if they started to feel more depressed.

Participants were 18 years or older with a diagnosis of “major

depressive disorder (recurrent episode) with a winter seasonal

pattern,” as assessed by a structured clinical interview based on the

DSM‐5 (American Psychiatric Association, 2013), which was con-

ducted by psychologists in a video call. Patients were eligible to

participate in the trial if they were at home for at least 6 h in morning

and afternoon (before 19:00), on at least 5 days per week. Exclusion

criteria included a history of manic episodes, light therapy in the

previous 4 months, and recent changes in antidepressant medication

(see Supporting Information: Appendix for full list).

At first, the screening information participants received did not

adequately convey that they might have to put a long socket cord

into their room, which led to some participants in the BROAD light

therapy group withdrawing before starting the treatment. After we

adjusted the recruitment and screening material, there were no more

withdrawals.

2.3 | Interventions

2.3.1 | Active control group

The active control group received a commercially available SAD light

box with a color temperature of 6500K and a color rendering index of

80 which provided 10,000 lux at 20 cm. With greater distance, the

illuminance rapidly declined. The lamps were purchased from various

manufacturers according to availability and were most commonly the

Beurer TL 41 or equivalent lamps. Participants were asked to sit in

front of this lamp in the morning at an eye distance of 20 cm while

reading or having breakfast. They were asked not to look directly into

it apart from occasional squints. The treatment duration was 30min at

least 5 days a week for at least 4 weeks.

F IGURE 1 Example BROAD light therapy setup. Participants
were provided with one or two such socket cords, a total of 40–70
bright LED light bulbs, and materials to attach them to their room.
Only a fraction of the bulbs is shown in this picture. While it is hard to
capture on camera, the BROAD setup results in very brightly
illuminated rooms.
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2.3.2 | Intervention group

There were two BROAD light therapy conditions: a warm condition

with a color temperature of 4000K and a cold condition with a color

temperature of 6000K. Both had a color rendering index of 80–90.

We included these two versions to investigate if there were large

differences between them in how acceptable BROAD light therapy is

to patients, as warm light is sometimes perceived as more

comfortable.

The light in the BROAD light therapy was provided by one or two

10‐ to 20‐m‐long socket cords with 20–40 light bulbs each (see

Figure 1). The light emitted in the cold condition was 72,000 lumens

and 102,240 lumens in the warm condition, so the amount of blue

light was the same in both. This is important because blue light is

hypothesized to be the effective wavelength in SAD treatment

(Strong et al., 2009). The mean illuminance at eye level when sitting

was 1433 lux (minimum 550 lux, maximum 4061 lux) in the cold light

condition and 1829 lux (minimum 500 lux, maximum 6800 lux) in the

F IGURE 2 Participant flow through the study
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warm light condition, as measured by the participants with a

smartphone app. Despite the BROAD light therapy bulbs emitting

vastly more light than the light box (72,000–102,000 vs. 850–1530

lumens), the average amount of light that reached the eye at any

given point in time (illuminance) was lower for the BROAD light

therapy than the light boxes (1433–1829 vs 10,000 lux). This was

because the light bulbs in the BROAD light therapy setup were much

further away from the eyes than the SAD light box (20 cm). The larger

distance had the advantage that patients were able to go about their

daily activities, enabling a longer treatment duration and more overall

illuminance (lux) over time. The treatment duration was at least 6 h on

at least 5 days a week for at least 4 weeks. Participants had the

option to diffuse the light with paper lanterns but only very few

participants chose to do this.

2.3.3 | Similarity of treatment groups

Apart from the inevitable differences in the nature of the treatments,

the treatment groups were made as similar as possible, receiving the

same questionnaires, checks on the setup, and reminders.

2.4 | Outcomes

To determine the feasibility of a larger study, we assessed

recruitment, adherence, side effects, and participant feedback.

To get a first estimate of potential effectiveness, we had one

preregistered primary outcome: Difference in SAD symptom severity

between baseline and after 4 weeks of treatment. This outcome was

recorded online using the Hamilton Depression Rating Scale‐Seasonal

Affective Disorders 29‐items Version, self‐report version (SIGH‐

SAD‐SR) (Terman & White, 2008). Our three preregistered secondary

outcomes were the difference in SAD symptom severity between

baseline and after 2 weeks of treatment; and the fraction of patients

in remission after 2 and 4 weeks.

2.5 | Randomization and blinding

Patients were randomly assigned (1:1:2) to receive either warm white

(4000K) or cold white (6000K) BROAD light therapy or the active

control procedure. Randomization was performed using a computer‐

generated list, in blocks of four and eight participants and in three

screening symptom severity strata (SIGH‐SAD score ≤ 19, 20–29, and

≥30) by the senior author, who did not have contact with or

knowledge of participants. The senior author received an email with

the participant code and symptom severity and emailed back the

allocation.

Apart from occasional corrections to the setup of the lamps and

answers to participants’ questions, unblinded personnel did not

interact with participants. In particular, the outcome surveys were

online and included no interaction with the study personnel.

Participants did not know which treatment was the active control

group nor what all the treatment options were. Participants did not

know that there were three groups, or what the difference in

treatment between the groups was. However, the lamps provided in

the different groups looked different.

2.6 | Statistical analysis

The feasibility outcomes were reported descriptively and narratively.

In accordance with the CONSORT guideline on pilot and feasibility

trials (Eldridge et al., 2016), for the clinical primary and secondary

endpoints, we report only descriptive statistics: mean (standard

deviation) for continuous outcomes and raw count (%) for categorical

outcomes. In an exploratory fashion, we additionally report descrip-

tives of the primary endpoint adjusted for confounders (for details

see Supporting Information: Appendix). In addition, we performed

exploratory Pearson correlations between illuminance in the BROAD

light therapy condition and the primary endpoint and between

measures of adherence and the primary endpoint. The significance

level for these tests of correlation was p < .05.

We would have included participants who had dropped out after

starting the treatment, but there were none.

3 | RESULTS

We analyzed all 62 patients who started the treatment. For

participant characteristics, see Table 1.

3.1 | Feasibility

The recruitment of participants went better than according to plan.

The process we had set up to run the study worked and we see no

obstacle here for a larger study.

Participants adhered very well to their instructed treatment

durations. Both groups underwent treatment for more than the

minimum required 5 days a week on average (see Table 2). As

instructed, participants in the intervention group underwent treat-

ment for over 6 h per day on average, while active control

participants underwent treatment for a little over half an hour per

day on average (see Table 2). Participants in both groups started the

treatment each day at the mean and median time of 9 a.m.

No patients discontinued the study due to an adverse event.

Some participants (eight in the intervention group and four in the

active control group) reported side effects of a nature consistent with

other studies on light therapy (see Table 3).

Qualitative and free‐text feedback for both the intervention

group and the active control group was generally positive. On a scale

from 1 = Completely disagree to 7 = Completely agree, participants in

both groups on average somewhat agreed that the treatment had

helped them with their symptoms (see Table 4).
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3.2 | Effectiveness of BROAD light therapy

This is a proof of concept trial and it is not powered to detect

moderate effect size differences between the two treatments. In

accordance with the CONSORT guideline on pilot and feasibility trials

(Eldridge et al., 2016), we therefore report only descriptive statistics

and no tests of significance of the differences.

Our primary endpoint, the improvement in symptoms after 4

weeks of treatment, was considerable and similar for all treatment

groups (see Table 5 and Figure 3). The magnitude of SAD symptom

improvement after light therapy is in line with previous results (Pjrek

et al., 2020). The same was true for our secondary endpoints,

symptom improvement after 2 weeks of treatment, and remission

(defined as a SIGH‐SAD score below 9) at 2 and 4 weeks (see

Table 5). The improvement in symptoms was similar for the cold and

the warm color temperature BROAD therapy groups (see Supporting

Information: Appendix).

When adjusting for baseline symptom severity, timepoint of

treatment and delay between baseline assessment and start of

treatment, the improvement after 4 weeks was even more similar

between treatments (see Table 5 and Supporting Information:

Appendix). The SIGH‐SAD consists of two subscales, measuring

typical and atypical symptoms of major depression respectively. The

improvements in both scales were very similar for both treatments.

3.3 | More light, better results

In the intervention group, the illuminance (lux) at eye level depended

on the room sizes and how/where the light bulbs were attached.

Accordingly, the illuminance at eye level varied greatly between

participants in the BROAD light therapy group (between 500 and

6800 lux). The illuminance was lower than for the active control

group under ideal conditions, because the BROAD light therapy bulbs

were further away from the eyes (see Section 2.3). This allowed

participants to go about their daily activities and thus enabled a

longer treatment duration per day and more total lux. The higher the

illuminance in the BROAD light therapy group, the more participants’

symptoms improved after 4 weeks, r(28) = .43, p = .032 (see Table 6).

As shown in Figure 4, every doubling of illuminance (lux) in the

intervention group predicted an increase in symptom improvement

by 4 SIGH‐SAD points on average. To further display this trend, we

can split the participants that received BROAD light therapy into two

groups: Participants who received above median illuminance at eye

levels (>1400 lux) experienced a mean improvement of 16.7 points

on the SIGH‐SAD score (SD = 6.5), which is more than in the active

control group (which improved by M = 13.24, SD = 9.64), while the

participants with below median illuminance improved by only 8.9

points on average (SD = 8.5). In addition, treatment hours per day

correlated positively and bordering on significance with symptom

improvement for the BROAD light therapy group. However, days

treated per week did not (see Table 6).

4 | DISCUSSION

This is the first study on the feasibility of BROAD light therapy

(Bright, whole‐ROom, All‐Day light therapy). This is also the direct

first comparison of any light‐room treatment (whether clinic‐based or

at home, for 2 h or all day) with the current standard of care, a SAD

light box.

TABLE 1 Baseline characteristics
Intervention Active control Total

N 30 32 62

Age in years (M, SD) 38.8 (14.5) 38.5 (15.5) 38.6 (14.9)

Female (N) 19 22 41

Male (N) 11 10 21

Baseline symptom severity in SIGH‐SAD points
(M, SD)

26.3 (6.09) 27.9 (8.95) 27.1 (7.68)

Note: Data are given as mean (standard deviation) or as number of participants.

TABLE 2 Adherence

BROAD light
therapy Light box therapy

Days treated per week 5.72 (0.63) 5.88 (0.79)

Hours treated on
treatment days

6.75 (1.28) 0.6 (0.31)

Note: Data are given as mean (standard deviation).

TABLE 3 Side effects

BROAD light therapy Light box therapy

Any side effect 8 (27%) 4 (13%)

Eye ache 2 (7%) 2 (6%)

Headache 5 (17%) 1 (3%)

Agitation 2 (7%) 1 (3%)

Note: Data are given as N (%).
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In this proof of concept trial, treatments were roughly equally

effective on average. The improvement in symptom severity

(measured by the SIGH‐SAD‐SR score) in our study was similar to

those of other light therapy studies (Pjrek et al., 2020). Could non‐

inferiority of BROAD light therapy treatment to standard of care be

confirmed in a larger trial, this would be an exciting result for

patients. To receive 10,000 lux, patients need to sit very close to the

light box (distance from eyes to light box of 20 cm is common for

commercial light boxes), meaning there is half an hour each morning

in which they can do little else. BROAD light therapy puts no such

constraint on patients’ daily activities, possibly improving long‐term

adherence. To illustrate: In the course of the 4 weeks of therapy in

this study, control participants spent 14 h in front of the light box. For

the same reason, BROAD light therapy could be a good candidate for

prevention, which many patients are likely to only do if it is very low

effort. Additionally, we carefully instructed participants on how to

use the light box to receive 10,000 lux—in non‐study conditions,

many participants will likely position themselves further away from

the light box than 20 cm, thus receiving a lower illuminance. Again,

there is no analogous concern for BROAD light therapy.

Furthermore, we have reason to believe that the BROAD light

therapy treatment in this study can be modified to improve its

effectiveness. In the BROAD light therapy group, the illuminance (lux)

at eye level depended on the room sizes and how/where the lights were

attached. Accordingly, the illuminance at eye level varied greatly

between participants in this group (between 500 and 6800 lux).

Exploratory analyses found an interesting significant correlation: The

more light reached the participants’ eyes, the more participants’

symptoms improved after 4 weeks. Participants who received above

median illuminance at eye levels experienced a larger improvement than

in the active control group, while the participants with below median

TABLE 4 Participant feedback on their treatment

BROAD light therapy Light box therapy

“I think the light therapy in this study helped me with my symptoms.” 5.33 (1.45) 5.86 (0.99)

“I would recommend this treatment to a friend with similar symptoms to mine.” 5.47 (1.46) 5.90 (1.23)

Note: Data are given as mean (standard deviation). Answer options ranged from 1 = Completely disagree to 7 = Completely agree.

TABLE 5 Secondary endpoints

BROAD light therapy Light box therapy

Symptom improvement after 4 weeks 11.58 (8.39), [8.45; 14.72] 13.24 (9.64), [9.76; 16.72]

Symptom improvement after 4 weeks, adjusted (arbitrary units) 12.56 (7.66), [9.70; 15.42] 12.92 (9.19), [9.61; 16.23]

Subscale A symptom improvement after 4 weeks 7.22 (5.32), [5.23; 9.20] 8.21 (6.55), [5.85; 10.57]

Subscale B symptom improvement after 4 weeks 4.37 (4.49), [2.69; 6.04] 5.03 (4.32), [3.47; 6.59]

Symptom improvement after 2 weeks 8.92 (8.75), [5.65; 12.18] 10.8 (8.16), [7.80; 13.79]

Remission after 2 weeks 3 (10%) 3 (10%)

Remission after 4 weeks 7 (22%) 6 (20%)

Note: Mean (standard deviation) [95% confidence intervals of the mean improvement] in SIGH‐SAD points given for unadjusted symptom improvement
and N (%) given for remission. The adjusted symptom improvement does not correspond to SIGH‐SAD points, but only serves as a unitless measure of
similarity.

F IGURE 3 Improvement in SIGH‐SAD score after 4 weeks of
treatment. The plot shows the means, 95% confidence intervals of
the means and distribution for both the light box group and the
BROAD group.

TABLE 6 Correlations with symptom improvement 4 weeks
after the start of treatment for the BROAD light therapy group

Pearson's r p Value

Log2(lux) and symptom improvement .43 .032*

Hours treated per day and symptom
improvement

.34 .070

Days treated per week and symptom
improvement

.05 .801

*Significant at p < .05.
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illuminance improved by less than the active control group. Additionally,

undergoing BROAD light therapy for more hours per day was borderline

significantly correlated with treatment success—however, here the

causation may be the other way around, with participants who

experienced the treatment to be more effective using it more regularly

or for longer periods. These results offer some support for the idea

behind our study, that “more light” leads to better results for patients.

4.1 | Limitations

As expected, the variance in our proof of concept trial was too large

given our sample size to give much indication of whether one of the

treatments performs better than the others. Additionally, illuminance

levels in the BROAD light therapy group were likely too low for some

participants, so this treatment was not as effective as it could be.

In addition, the light boxes were marketed on their packaging for

the use against SAD, while the components of the BROAD light

therapy were not, possibly leading to a higher placebo effect in the

active control group than in the BROAD light therapy group. In a

follow‐up study, this limitation can be addressed by unifying the

packaging that lamps arrive in.

Finally, we did not include a placebo or waitlist control group, so

we cannot be certain that the improvement in our participants was

due to the treatments. However, the effectiveness of the active

control treatment has been well‐studied and the size of the

improvement in our study is consistent with previous findings.

4.2 | Conclusion

It is plausible that increasing the amount of light in light therapy

makes it more effective against SAD. Our proof of concept trial did

not find BROAD light therapy to be superior to light boxes, but it

adds some first empirical evidence that BROAD light therapy is

feasible and that the amount of light that reaches participants’ eyes

(illuminance/lux) predicts how effective it is at treating SAD. There

are several straightforward ways to further increase the brightness of

the treatment studied in this paper, potentially creating a treatment

that is superior to the current standard of care.
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Abstract 

Background  Creatine is an organic compound that facilitates the recycling of energy-providing adenosine triphos-
phate (ATP) in muscle and brain tissue. It is a safe, well-studied supplement for strength training. Previous studies have 
shown that supplementation increases brain creatine levels, which might increase cognitive performance. The results 
of studies that have tested cognitive performance differ greatly, possibly due to different populations, supplementa-
tion regimens, and cognitive tasks. This is the largest study on the effect of creatine supplementation on cognitive 
performance to date.

Methods  Our trial was preregistered, cross-over, double-blind, placebo-controlled, and randomised, with daily 
supplementation of 5 g for 6 weeks each. We tested participants on Raven’s Advanced Progressive Matrices (RAPM) 
and on the Backward Digit Span (BDS). In addition, we included eight exploratory cognitive tests. About half of our 
123 participants were vegetarians and half were omnivores.

Results  Bayesian evidence supported a small beneficial effect of creatine. The creatine effect bordered signifi-
cance for BDS (p = 0.064, η2

P = 0.029) but not RAPM (p = 0.327, η2
P = 0.008). There was no indication that creatine 

improved the performance of our exploratory cognitive tasks. Side effects were reported significantly more often 
for creatine than for placebo supplementation (p = 0.002, RR = 4.25). Vegetarians did not benefit more from creatine 
than omnivores.

Conclusions  Our study, in combination with the literature, implies that creatine might have a small beneficial effect. 
Larger studies are needed to confirm or rule out this effect. Given the safety and broad availability of creatine, this 
is well worth investigating; a small effect could have large benefits when scaled over time and over many people.

Trial registration  The trial was prospectively registered (drks.de identifier: DRKS00017250, https://​osf.​io/​xpwkc/).
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Background
Given the important role cognition plays in daily life, 
enhancing cognition safely and cheaply is highly desir-
able. Creatine is safe, well-tolerated, and cheap [1]. 
Strength athletes have benefited from creatine supple-
mentation for over 30 years [2, 3]. Slight weight gain due 
to water retention is the only consistently reported side 
effect [1, 4–6].

While the safety and athletic benefits of creatine are 
well established, its potential cognitive benefits are still 
unclear. A systematic review tentatively suggests that 
creatine supplementation may improve “short-term 
memory”/working memory and “intelligence/reason-
ing” in healthy individuals [7]. The few studies that have 
tested this have had heterogeneous results, but they have 
also used very different populations (such as vegetarians, 
omnivores, varying age groups), supplementation doses 
and durations, and cognitive tasks (including different 
kinds of memory, reaction time, reasoning, inhibitory 
control, attention, and task switching). The study with the 
largest effect, Rae et  al. [8], tested the effect of creatine 
supplementation in 45 young vegetarian adults on work-
ing memory and abstract reasoning using the Backwards 
Digit Span (BDS) and Raven’s Advanced Progressive 
Matrices (RAPM), respectively. Their study was placebo-
controlled, randomised, and double-blind. Rae et  al. [8] 
found creatine supplementation had a large and highly 
significant (i.e. p < 0.001) positive effect on both tasks. We 
deemed this study particularly worth replicating.

Supplementing creatine may benefit cognition as mus-
cle and brain cells use creatine to access more energy 
when demand is high. They store creatine as phospho-
creatine, which acts to regenerate the energy-provid-
ing adenosine triphosphate (ATP) [9, 10]. The energy 
demand of neurons can increase rapidly; maintain-
ing ATP concentration despite increased demand may 
explain the potential effect of creatine intake on cogni-
tion [11]. The crucial role of creatine in brain metabo-
lism is supported by evidence from Cerebral Creatine 
Deficiency Syndromes. Conditions causing brain creatine 
deficiency result in profound intellectual disability which 
can be reversed by creatine supplementation [12].

Dietary creatine is primarily contained in meat, fish, 
and a small amount in some dairy products [13, 14]. 
However, typical supplementation doses of creatine (5 g 
per day) are equivalent to more than 1 kg of meat con-
sumption per day [13], which is substantially higher than 
the combined dietary intake and synthesis in most people 
[13]. So, one might expect creatine supplementation to 
make a difference despite creatine being produced by the 
body and being present in common foods.

Creatine intake increases the level of creatine in the 
blood serum [15, 16]. Crucially, Dechent et al. [17] found 

brain creatine increased by 8.7% following a 20  g/day 
4-week supplementation regime; two further studies have 
confirmed varying supplementation regimes can increase 
brain creatine [18, 19] (however, see [20–22]).

It is unclear if creatine supplementation has similar 
effects on omnivores and vegetarians. Rae et al. [8] only 
included vegetarians. Another study comparing memory 
improvement under creatine supplementation in omni-
vores and vegetarians found that creatine supplemen-
tation benefited memory only for vegetarians but not 
omnivores [23]. Vegetarians have been found to have 
lower serum and muscle creatine concentration, but 
comparable total brain creatine to omnivores [22, 24, 25]. 
In this study, we included both omnivores and vegetar-
ians to allow comparison. We hypothesised that creatine 
supplementation would improve working memory and 
reasoning ability in vegetarians. We also hypothesised 
that the improvement would be greater in vegetarians 
than in omnivores.

To test these hypotheses, we approximately replicated 
the study design and treatment (5  g per day of creatine 
for 6 weeks) used by Rae et al. [8]. We included the same 
primary outcome measures, the Backwards Digit Span 
and 10-min standardised subtests of Raven’s Advanced 
Progressive Matrices. In addition, to investigate a broader 
range of cognitive functions, we included exploratory 
tests on attention, verbal fluency, task switching, and 
memory.

Methods
Trial design
We conducted a randomised, placebo-controlled, double-
blind, cross-over study. The primary endpoints are the 
scores in the cognitive tasks after 6  weeks of each sup-
plementation. Six weeks is the duration used by Rae et al. 
[8]. We learned from private correspondence with Turner 
et al. [26] that they chose a liberal 5-week washout period 
for their brain creatine study based on the muscle cre-
atine literature, which suggests 5  weeks is sufficient 
[27–29]. Given the way creatine is transported, stored, 
and excreted, they expected the same washout period to 
be sufficient for the brain. They confirmed that in their 
study, brain creatine levels were back to normal after the 
washout. This is evidence that 5 weeks is an upper bound 
for how long brain creatine takes to wash out. We also 
see no reason why brain creatine would take longer to 
wash out than muscle creatine. Note that Turner et  al. 
[26] used a shorter (7 days) but higher-dosed (20 g) sup-
plementation regimen compared to the present study. 
However, there is evidence that the supplementation 
regimens are equivalent in terms of creatine saturation 
(e.g. [27]). Unlike Rae et al. [8], we did not have an extra 
washout period nor second baseline testing after the first 
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supplementation. Instead, we relied on the 6  weeks of 
placebo supplementation for washing out the creatine. 
The trial evaluated cognitive performance after creatine 
compared to placebo. The trial design and participant 
flow are summarised in Fig. 1. We follow the CONSORT 
reporting guidelines [30].

Participants
Participants were 18 years or older (see Appendix for full 
list of inclusion criteria). Half of them reported being on 
a vegetarian diet and half of them on an omnivore diet. 
A screening questionnaire assessed if the eligibility cri-
teria were met. Participants who met these criteria went 
through the baseline assessment and were given their 
first supplement to take home (or for participants tested 
online, received the two supplements via the mail). Cog-
nitive assessments of participants took place in the clinic 
laboratory. Due to the contact restrictions due to the 
COVID-19 pandemic, after 04/2020, participants were 
tested online via video call instead.

Interventions and similarity of treatment groups
Participants took the supplements daily for 6  weeks, 
including the day of the testing. The creatine supplement 
consisted of creatine monohydrate powder “CreaPure 
PG” produced by the company Alzchem (Trostberg, Ger-
many). The placebo supplement consisted of maltodex-
trin powder “Maltodextrin 6” produced by the company 
Nutricia (Frankfurt am Main, Germany).

The cans looked exactly the same except for clear mark-
ings of which one was the first and which one the second 
supplement. The two powders looked exactly the same 
and were flavourless. The solubility was somewhat differ-
ent: While the placebo powder was completely soluble in 
water and did not settle, the creatine powder slowly set-
tled. We were initially not aware of this difference in solu-
bility. After we noticed it (after the first 40 participants), 
we asked participants to stir the powder into yoghurt or 
food with a similar consistency, as we had found no per-
ceptible difference then. To check to what extent blinding 
was achieved, directly after the last testing, participants 
were asked to guess what their first supplement had been.

Outcomes
We had two primary outcomes:

•	 A standardised 10-min subtest of Raven Advanced 
Progressive Matrices (RAPM) [8]

•	 The Wechsler auditory Backward Digit Span (BDS) 
[31]

RAPM is a test of abstract reasoning. Each item in the 
test consists of a 3 × 3 matrix with pictures of geometric 

forms. One of the pictures is missing and the task con-
sists of choosing the right picture to fill this gap out of 
eight alternatives. The full RAPM consists of 80 items 
and has a time limit of 40 min. We used the same stand-
ardised 10-min subtests of the RAPM as Rae et  al. [8], 
consisting of 20 items each. The subtests are constructed 
to have equal levels of difficulty based on the published 
normative performance data and Rae et al. [8] addition-
ally verified this in an independent sample (N = 20). The 
RAPM score consists of the sum of correct responses.

The Backward Digit Span is a test of working memory. 
The tester reads increasingly longer series of digits to the 
participant whose task it is to remember and repeat them 
in reverse order. The task starts with two digits. Each 
length has two series of digits. The test ends after wrong 
answers to two series of the same length. The BDS score 
consists of the sum of correct responses.

We had eight further exploratory outcomes:

•	 The D2 Test of Attention [32], a test of sustained 
attention

•	 The Trail-Making-Test A (TMT-A), a test of visual 
attention [33]

•	 The Trail-Making-Test B (TMT-B), a test of task 
switching [33]

•	 The Block-Tapping-Test, a test of visuospatial work-
ing memory [34]

•	 The Auditory Verbal Learning Test (AVLT, in Ger-
man: VLMT), a word-learning test including imme-
diate recall, delayed recall, and recognition [35]

•	 The Brief-Visuospatial-Memory Test—Revised 
(BVMT-R), a test of visuospatial memory [36]

•	 The Stroop test (in German: Farb-Wort-Interferenz 
Test, a test of inhibitory control [37]

•	 Regensburger Wortflüssigkeitstest, a test of verbal 
fluency [38]

Participants reported side effects experienced during 
the supplementation period in a free text form on the 
day of testing. How side effects would be grouped for 
the report was determined after evaluating all entries. At 
baseline testing, participants performed a test of crystal-
lised intelligence called “Mehrfachwahl-Wortschatztest 
(MWT-B)” [39]. In this test, participants had to identify 
real German words among made-up words.

Sample size
The sample size of 123 was powered (with power = 0.8, 
alpha = 0.05, calculated with GPower [40]) to detect the 
effects of Cohen’s d = 0.45. The sample size (preregistered 
as 120) was chosen based on a conservative estimate (see 
Appendix) of the effect size in Rae et al. [8] (d = 1 for both 
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Fig. 1  Participant flow through the study
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RAPM and BDS) with a substantial buffer to account for 
smaller effects.

Block-tapping was originally performed with physi-
cal blocks and later on the website Psytoolkit [41, 42] as 
part of remote testing during the COVID-19 pandemic. 
Because the remote version was not immediately avail-
able, the participant number is lower for this task.

Randomisation and blinding
The order of the two supplements was randomised with 
Excel by the pharmacy of the University Hospital Hei-
delberg. They labelled each of the cans of supplements 
with the participant code and “A” or “B”, corresponding 
to the first and second supplement. The staff members 
who tested participants also provided the participants 
with the supplement cans. Allocation concealment was 
performed using sequentially numbered, opaque sealed 
envelopes (SNOSE). Participants and all staff who inter-
acted with them were kept blinded to the allocation (also 
see intervention section).

Statistical methods
For each cognitive test, we conducted a mixed ANOVA 
with test score after supplementation as the depend-
ent variable, supplement (creatine vs placebo) as the 
within-subjects factor and supplement order (creatine-
first vs placebo-first) as the between-subjects factor1. 
We did not remove outliers in our main analysis, but 
conducted robustness checks which included trimming 
and winsorising. We applied the Greenhouse–Geisser 
correction to all our analyses but the correction did not 
change any value. We did not exclude participants based 
on adherence (intention-to-treat analysis). We analysed 
participants’ actual and not assigned order of supple-
ments. Actual and assigned order differed for only one 
participant.

We conducted a frequentist analysis, because it is 
widely understood and it offers the insight of how likely 
the data is under the null hypothesis. However, we also 
wanted to know whether the data was more likely under 
the null or under the alternative hypotheses, i.e. in which 
direction to update our credence, and to what extent. 
We conducted a Bayesian analysis, because it answers 
this question. We were interested in comparing the null 
hypothesis to different alternative hypotheses—postulat-
ing a large effect like in the study we replicated [8] and 
postulating effects of smaller, in our view more realistic, 

sizes. A significant result does not imply Bayesian evi-
dence in favour of the alternative hypothesis, nor does a 
nonsignificant result imply Bayesian evidence against the 
alternative hypothesis [43]. If the alternative hypothesis 
postulates a relatively large effect, the data may be more 
likely under the null than the alternative hypothesis, 
despite a p-value below 0.05. If the alternative hypothesis 
postulates a relatively small effect, the data may be more 
likely under the alternative than the null hypothesis, 
despite a p-value above 0.05.

Confirmatory analyses
As preregistered, our two confirmatory cognitive tasks 
are the Backward Digit Span and Raven’s Advanced Pro-
gressive Matrices. All other cognitive tasks are analysed 
in an exploratory fashion. There is one deviation from 
our preregistered analyses. We had preregistered t-tests, 
but this was a mistake in the preregistration. The t-test is 
not appropriate here because imbalances in the supple-
ment order group sizes would bias the results. Instead, we 
conducted mixed ANOVAs with supplement (creatine 
vs placebo) as the within-subjects variable, supplement 
order (creatine-first vs placebo-first) and diet (vegetarian 
vs omnivore) as the between-subjects variables, and test 
score after supplementation as the dependent variable.

Robustness checks
We checked the robustness of our normality-assuming 
ANOVAs by performing: an ANOVA on 20%-trimmed 
data, an ANOVA on 5%- and 20%-winsorised data, and a 
robust ANOVA which uses trimming and bootstrapping 
(performed with the sppb functions in the WRS2 R pack-
age). The latter ANOVA provides the most robust esti-
mate of these methods [44, 45].

Bayes factors
For the calculation of the Bayes factors, we used the esti-
mated marginal means (EMMs) of the creatine and pla-
cebo score. The EMMs are the means weighed for the 
order groups (creatine-first and placebo-first), so that 
imbalances in the sizes of the order groups do not affect 
the means. So, we only had two groups for the Bayes fac-
tor calculation (creatine and placebo), simplifying the 
analysis. The mean difference and standard error of the 
mean difference were used to describe the data. Using the 
Bayesplay package [46], we calculated the Bayes factors 
in several different ways. Approach 1 used point models 
for the null hypothesis and the alternative hypotheses. 
Approach 2 compared a point null model against half 
normal distributions centred on zero and with the stand-
ard deviation set to half the maximum expected effect 
size. For the reasons behind this, see the Appendix.

1   We used the score after supplementation and not change from baseline, 
because subtracting the same baseline from both after-supplement scores in 
a crossover study would cancel out, which would give the same result but 
complicate the analysis unnecessarily. The baseline was used for describing 
participants’ baseline characteristics and for exploratory analyses.
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Exploratory analyses
In addition to the confirmatory analyses of BDS and 
RAPM, we analysed the other cognitive tasks in the same 
way in an exploratory fashion.

We also looked in an exploratory fashion at the first 
supplementation and the second supplementation sepa-
rately and at participants with a low and high baseline 
performance separately (see Appendix).

Results
Participant flow
See participant flow in Fig. 1.

Drop-outs were due to supplements failing to arrive 
(N = 2), dealing with stressful personal events (N = 2), no 
reason given (N = 2), and no time (N = 18).

Recruitment
Participants were recruited through flyers and social 
media between 05/2019 and 05/2022 and tested between 
05/2019 and 08/2022.

Baseline data
We analysed all available participant data apart from 
two minor exceptions (see Appendix). Participants were 
included irrespective of their adherence. The median 
number of days per week with meat consumption for 
omnivore participants was 3.5 (mean = 3.7, SD = 2.0). For 
further participant characteristics, see Table 1.

Blinding, adherence, and side effects
After their final testing session, the last 73 participants 
were asked to guess the order of their supplements 
(as the idea did not occur to us before). Forty-three 
(59%) guessed correctly and 30 (41%) guessed incor-
rectly. A binomial test reveals that the probability of 
43 or more correct guesses out of 73 by pure chance is 
p = 0.080. However, most participants who guessed cor-
rectly reported being very unsure about their guess. We 
recorded the reasons for the guesses of the last of the 
33 participants. Of those participants who had a reason 
for their guess, solubility was the most common, fol-
lowed by negative side effects and positive side effects. 

All three reasons seemed to improve guess accuracy (see 
Appendix).

A z-score test for two population proportions revealed 
that the proportion of participants reporting any negative 
side effect was significantly higher for the creatine than 
the placebo condition, p = 0.002, RR = 4.25 (Table  2). In 
addition, although we did not assess this systematically, 
some participants reported positive side effects such as 
improvements in strength (several participants) and 
mood (one participant). No patients discontinued the 
study due to an adverse event.

Adherence (self-reported) was high (Table  2). All 
but one participant took the supplements in the order 
assigned to them. This participant was analysed with 
their actual, not their assigned, supplement order.

Interaction with diet
There was no significant interaction between diet and 
supplement nor between diet, supplement, and supple-
ment order for neither BDS (p = 0.808 and p = 0.559) nor 
RAPM (p = 0.392 and p = 0.606), nor was the interaction 
in the predicted direction (we had hypothesised that veg-
etarian participants would benefit more from creatine 
than omnivore participants). This was also true when 
using the robust ANOVA based on bootstrapping. Bayes 
factors favoured the null hypothesis. To be precise: They 
indicated strong support in favour of the null hypothesis 
over the effect size in Benton and Donohoe [23] (d = 0.36) 
and weak to strong support in favour of the null hypothe-
sis over smaller effect sizes (see Appendix). There was no 
indication for an effect of diet in the exploratory cogni-
tive tasks either. For more details on the analysis of diet, 
see the Appendix.

Table 1  Participant baseline characteristics

Data is given as mean (standard deviation) or as percentage. The MWT-B 
(Mehrfach-Wahl-Wortschatztest) is a test of crystallised intelligence [39]

N Total Creatine-first Placebo-first
125 63 62

Age in years (M, SD) 30.6 (10.1) 31.5 (10.4) 29.8 (9.7)

Sex (% female) 57% 54% 60%

Weight in kg (M, SD) 70.3 (13.7) 71.8 (15.5) 68.8 (11.4)

MWT-B (M, SD) 26.31 (4.35) 26.32 (3.99) 26.31 (4.72)

Table 2  Adherence and negative side effects

Creatine Placebo

Days supplemented per week (M, SD) 6.89 (0.26) 6.87 (0.26)

Any side effects 17% 4%

Of these

  Digestion problems 6% 2%

  Weight gain 3% 0%

  Other

    - Tiredness 1x 1x

    - Thirst 1x 1x

    - Weight loss 1x 0x

    - Nightmares 1x 0x

    - Cramps 1x 0x

    - Thoughts racing 1x 0x

    - Problems concentrating 1x 0x

    - Nervousness 1x 0x
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Confirmatory analysis
There was a significant interaction between supplement 
and supplement order for both BDS and RAPM. This 
seems to reflect a learning effect (see Appendix). The 
effect of most interest, the main effect of the supple-
ment, was in the expected direction but not significant. 
However, it bordered on significance for BDS (p = 0.067, 
η2

P = 0.028). This means that 2.8% of the variance in 
BDS scores that was not already explained by other vari-
ables was explained by the supplement. For RAPM, it 
was 0.9%. The supplement effect was virtually the same 
whether diet was included as a variable or not (Table 3). 
Thus, we simplified additional analyses (estimated mar-
ginal means, Bayes factors, and robustness checks) by 
dropping diet as a variable for these analyses.

In terms of raw scores, the effect size for BDS was 
0.41 additional correct items, i.e. a 0.2-digit longer digit 
span, because there were always two-digit spans of the 
same length. For RAPM, the effect was 0.23 more matri-
ces solved (Fig.  2). If these were IQ tests, this increase 
in raw scores would mean 2.5 IQ points for BDS (using 
the standard deviations of a normative study [47] or our 
own baseline gives the same result, see Appendix). For 
RAPM, the improvement would be 1 IQ point (using the 
standard deviation of our own baseline, see Appendix). 
Cohen’s d based on the estimated marginal means of the 

creatine and placebo scores was 0.09 for RAPM and 0.17 
for BDS.

Bayes factors
To facilitate the interpretation of the results of the con-
firmatory analysis, we provide Bayes factors. A Bayes 
factor (BF10) indicates how likely a null hypothesis is 
compared to an alternative hypothesis given the data. A 
BF10 between 1/3 and 3 indicates low sensitivity of the 
data (i.e. not enough data to be certain), with weak evi-
dence in favour of the null hypothesis if BF10 is below 1 
and weak evidence in favour of the alternative hypoth-
esis if it is above 1. A BF10 above 3 (below 1/3) is con-
sidered moderate and above 10 (below 1/10) strong 
evidence [48].

We compare several alternative hypotheses postulating 
small beneficial effects of creatine to the null hypothesis. 
For RAPM, the data was very insensitive, very weakly 
favouring the alternative hypotheses. For BDS, the data 
was more sensitive, providing weak to moderate sup-
port in favour of the alternative hypotheses. Two differ-
ent approaches to calculating these Bayes factors were 
used (see statistical analysis) and the results were similar 
(Table 4).

There was strong evidence in favour of the null 
hypothesis compared to the alternative hypothesis 

Table 3  Results of confirmatory analysis

Mixed 3-way ANOVA with supplement (creatine vs placebo) as the within-subjects variable, supplement order (creatine-first vs placebo-first) and diet (vegetarian vs 
omnivore) as the between-subjects variable and test score after supplementation as the dependent variable. Mixed 2-way ANOVA without diet. The test score is given 
as estimated marginal mean (standard error). P-values are two-tailed. The two cognitive tasks are the Backward Digit Span and Raven’s Advanced Progressive Matrices

Task N Supplement effect
3-way ANOVA, inkl. diet

Supplement effect
2-way ANOVA

Crea. score Pl.
score

Crea.-Pl. scores
M(SE) [95% CI]

Total Crea. first Pl. first F (df) p η2
P F (df) p η2

P

BDS 121 61 60 3.41 (1, 117) 0.067 0.028 3.49 (1, 119) 0.064 0.029 8.85 (0.28) 8.44 (0.25) 0.41 (0.22) [–0.24; 0.84]

RAPM 118 60 58 1.02 (1, 114) 0.315 0.009 0.97 (1, 116) 0.327 0.008 12.39 (0.28) 12.16 (0.28) 0.23(0.23) [− 0.24; 0.70]

Fig. 2  a Estimated marginal means for the Backward Digit Span (BDS) score. b Estimated marginal means for Raven’s Advanced Progressive 
Matrices (RAPM) score. Error bars represent standard errors
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postulating the effect size found by Rae et  al. [8]. The 
data was insensitive (BDS) or weakly favoured the null 
hypothesis (RAPM) when compared to the half-normal 
model based on Rae et  al. [8]. The half-normal model 
based on Rae et al. [8] does not assume their effect size 
is the true effect size in the population. Instead, the 
model assumes their effect size is a moderate overes-
timation of the true effect size. The model uses their 
effect size as a reference point to assign probabilities 
to effect sizes. It assigns most of the probability weight 
to effect sizes that are smaller than this effect size, and 
some probability to effect sizes up to twice that effect 
size. This is a common alternative model when repli-
cating studies. However, we did not use it as our only 
model, because we were also interested in assessing the 
likelihood of smaller effect sizes and of the possibility 
that the effect size in Rae et al. [8] was the true popula-
tion effect size.

The results were similar whether using normal or 
Cauchy distributions. For more details on this and the 
aforementioned calculations, see the Appendix.

In summary, this study provides weak to moderate evi-
dence for a small cognitive benefit of creatine and strong 
evidence against the effect size by Rae et  al. [8] being 
representative.

Robustness checks
We checked the robustness of our confirmatory analy-
sis (the normal ANOVA) by performing an ANOVA on 

20%-trimmed data, an ANOVA on 5%- and 20%-win-
sorised data, and an ANOVA which uses bootstrapping 
and 20% trimming.

For RAPM, all of these methods gave overall similar 
results to that of the normal ANOVA (Table 5).

For BDS, whose skewness statistic was slightly fur-
ther from 0 than that of RAPM, these methods gave 
results that differ from each other and from the normal 
ANOVA to a relevant extent (Table  5). Most notably, 
the p-value for the supplement effect was 0.009 for the 
5% winsorisation and 0.370 for the bootstrap ANOVA. 
This seems to suggest that in the normal ANOVA, the 
most extreme values made the effect of creatine appear 
smaller by inflating the variance, while relying on pos-
sibly unjustified assumptions of normality made the 
effect of creatine appear larger.

Thus, the result for RAPM was robust and for BDS 
much less so.

Exploratory cognitive tasks
There was no indication that creatine improved the 
performance of our exploratory cognitive tasks. The 
distribution of p-values was what one would expect if 
there was no effect. For the exploratory cognitive tasks, 
Table  6 only includes the p-values of the supplement 
effect. For the full results, including the interaction 
effect (reflecting a learning effect) and the order of sup-
plement effect, see the Appendix.

Table 4  Results of Bayesian analysis

Bayes factors (BF10) comparing a range of alternative hypotheses to the null hypothesis. The effect size is given as the raw score difference. Approach 1 compared a 
point null model to point alternative models with a range of small effect sizes (0.1–0.4, i.e. d = 0.04–0.17) as well as an equivalent of Rae et al.’s effect size (2.5, i.e. d = 1, 
see calculation in Appendix). Approach 2 compared a point null model against half-normal distributions centred on zero and with the SD set to half the maximum 
expected effect size

Task Approach 1: point models Approach 2: half normal

Small effects Rae-sized Small effects Max. = 2 × Rae-size

0.1 0.2 0.4 2.5 max. 0.4 max. 1 max. 5

BDS 2.1 3.6 5.7  < 2e − 7 2.9 3.3 1.0

RAPM 1.4 1.6 1.3  < 2e − 7 1.4 1 0.3

Table 5  Results of robustness checks

Creatine effect p-values (two-tailed) for different ANOVAs. The given trim and winsorisation percentages are applied to each side. Better score based on estimated 
marginal means. “Max. skew” gives the highest skewness statistic in any combination of conditions (supplement and supplement order)

Task Better score Max. skew p (Supplement)

Normal 20% trim 5% winsorisation 20% winsorisation Bootstrap 
and 20% 
trim

RAPM creatine  − 059 0.327 0.412 0.361 0.672 0.354

BDS creatine 1.14 0.064 0.17 0.009 0.05 0.37
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Discussion
Summary of results
This is the largest study on the cognitive effects of creatine 
to date. As part of our study, we aimed to replicate Rae 
et al. [8], who found a large positive effect of creatine on 
the abstract reasoning task Raven’s Advanced Progressive 
Matrices (RAPM) and on the working memory task Back-
ward Digit Span (BDS) in healthy young adult vegetarians.

We found Bayesian evidence for a small beneficial 
effect of creatine on cognition for both tasks. Cohen’s d 
based on the estimated marginal means of the creatine 
and placebo scores was 0.09 for RAPM and 0.17 for BDS. 
If these were IQ tests, the increase in raw scores would 
mean 1 and 2.5 IQ points. The preregistered frequentist 
analysis of RAPM and BDS found no significant effect at 
p < 0.05 (two-tailed), although the effect bordered signifi-
cance for BDS. There was no influence of diet (vegetar-
ian vs omnivore), age, or sex on this effect. There was no 
indication that there was a creatine effect in several other 
cognitive tasks that we studied in an exploratory analysis.

Effect of diet
Dietary creatine is primarily contained in meat, fish, 
and a small amount in some dairy products [13, 14]. 
So, creatine is almost non-existent in a vegetarian diet. 
This might lead one to expect vegetarians to benefit 
more from creatine supplementation than omnivores 
do. However, even in an omnivore diet, creatine intake 

through the diet is low compared to common doses for 
creatine supplementation. Therefore, it is possible that 
the low dose in the diet does not affect cognition, while 
the higher dose of supplementation does. As opposed to 
muscles, which always receive creatine from other parts 
of the body, the brain synthesises its own creatine and 
for that reason might be more resistant to exogenous 
creatine [22, 49]. This might mean that higher doses of 
creatine are necessary to increase brain creatine levels 
[22, 50, 51]. In our study, half of the participants were 
vegetarians and half of them were omnivores. We found 
no indication that our vegetarian participants benefited 
more from creatine than our omnivore participants (in 
fact, the creatine effect was smaller in vegetarians than 
omnivores to a non-statistically significant extent). This 
is in line with Solis et  al. [22, 24] who did not find a 
difference in brain creatine content between omnivores 
and vegetarians. Our Bayesian analysis of their data 
provides moderate support for the lack of a difference 
(see Appendix). In contrast, Benton and Donohoe [23] 
found that creatine supplementation benefited memory 
in vegetarians more than in omnivores, with no differ-
ence in baseline performance. However, given the high 
number of cognitive tasks in that study, the chance of 
a false positive was high, so we regard their finding as 
exploratory. Apart from the present study and Benton 
and Donohoe [23], we are not aware of any other RCT 
comparing the effect of creatine supplementation on 
cognition between vegetarians and omnivores.

Table 6  Results for exploratory cognitive tasks

Creatine effect p-values (two-tailed) for different ANOVAs. The given trim and winsorisation percentages are applied to each side. Higher score based on estimated 
marginal means

Task N Better score p (Supplement)

Normal 20% trim 5% winsorisation 20% 
winsorisation

Bootstrap 
and 20% 
trim

Block-tapping forward 71 creatine 0.779 0.564 0.865 0.678 0.826

Block-tapping backward 70 placebo 0.83 0.87 0.482 0.482 0.59

BVMT-R 119 creatine 0.543 0.809 0.746 0.112 0.67

D2 test 104 placebo 0.394 0.382 0.446 0.291 0.62

Forward digit span 117 placebo 0.714 0.795 0.838 0.721 0.52

Stroop—colors 118 placebo 0.813 0.184 0.432 0.054 0.568

Stroop—colorletters 119 placebo 0.626 0.877 0.861 0.547 0.856

TMT A 123 placebo 0.129 0.04 0.068 0.021 0.224

TMT B 122 creatine 0.855 0.622 0.745 0.567 0.56

VLMT immediate recall 119 creatine 0.87 0.744 0.996 0.883 0.996

VLMT recall after interference 119 creatine 0.694 0.622 0.854 0.323 0.806

VLMT delayed recall 118 placebo 0.339 0.346 0.462 0.133 0.54

VLMT recognition 117 creatine 0.722 0.327 0.398 0.635 0.348

Word fluency 122 creatine 0.227 0.631 0.272 0.119 0.692
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Rae et al. [8] is the only RCT on the effect of creatine 
supplementation on cognition with only vegetarian par-
ticipants (healthy, under normal conditions) and they 
found a large creatine effect. Under the same condi-
tions, a number of other studies with omnivore partici-
pants [52–55] or unspecified and presumably omnivore 
participants [56–58] also found a large creatine effect, 
while other studies with omnivore participants [21, 59, 
60] or unspecified and presumably omnivore participants 
[61] failed to find a creatine effect2,3. The omnivore find-
ings are mixed while the only study on vegetarians [8] 
is positive, but as it is only one study, it is not a strong 
indication.

Observational data on the role of dietary creatine in 
cognition is conflicting. Ostojic et  al. [62] (1340 elderly 
adults in the USA) found a significant positive correla-
tion between performance in the Digit Symbol Substi-
tution Test and amount of meat consumed. By contrast, 
two studies by Giem et  al. [63] in Seventh Day Advent-
ist adults in the USA (272 participants matched for age, 
sex, and zip code and 2984 unmatched participants) 
both found a trend towards delayed onset of dementia 
in vegetarians compared to omnivores. Many confound-
ers are possible in these observational studies, such as 
health influencing both diet and cognitive performance, 
differences in lifestyle, and components in meat other 
than creatine. None of the studies assessed creatine 
supplementation.

Overall, observational evidence is mixed. Evidence 
from RCTs and brain creatine studies does not support 
the idea that dietary creatine affects brain health.

BDS and other short‑term memory tasks
While the creatine effect for BDS in our study bordered 
significance, it was smaller (d = 0.17) compared to the 
two other studies in the literature that have tested the 
effect of creatine supplementation on BDS in young, 
healthy adults (Rae et al. [8]; Hammett et al. [56])4.

One reason for this could be that there might have 
been more noise in our study, maybe due to the COVID 
pandemic starting in the midst of the study. This reason 
might apply to all of our tests. However, the standard 
deviation for BDS in this study was almost exactly the 
same as in the study we aimed to replicate5 [8] (2.42 vs 
2.38) and our sample size was much larger, so noise does 
not explain the difference in results. Our supplementation 
protocol was different from that of Hammett et al. [56], 
which could lead to different results. However, the other 
study [8] used the same supplementation protocol as ours 
(5 g/day for 6 weeks), so this reason seems unlikely. Com-
pared to Rae et al. [8], one might at first glance think that 
their effect was larger because all of their participants 
were vegetarians whereas only half of our participants 
were vegetarians. However, the number of vegetarian 
participants in our study was still higher than theirs and 
the creatine effect was not larger in this subgroup (in fact, 
it was smaller to a non-statistically significant extent). 
There are reasons to think that creatine supplementation 
becomes more beneficial with age (more on this below). 
However, the age of our participants was very similar 
(mean = 31, sd = 10, median = 28) but slightly higher than 
those of Rae et al. [8] (median = 25.5) and Hammett et al. 
[56] (median = 26), so age does not seem to explain the 
difference in results. Overall, we did not find a convinc-
ing reason for why our BDS result is different from the 
two other studies with young, healthy adults. The differ-
ence is not explained by diet, age, or noise.

Three further studies tested the effect of creatine sup-
plementation on BDS in a different population than 
healthy young adults. In two of these studies, partici-
pants were healthy and elderly [55, 61] and in one study 
sleep-deprived [64]. In these three studies, there was no 
creatine effect. This is surprising, seeing as theory and 
evidence generally suggest that sleep-deprived and older 
participants have a larger cognitive benefit from creatine 
supplementation (more on this below). One of the two 
studies on healthy elderly participants, Alves et  al. [61], 
also tested the effect of creatine on strength and found no 
effect, which goes against a large body of literature. The 
effect of creatine supplementation on strength is well-
studied and generally large. Given that this effect was not 
present in Alves et  al. [61] makes it less surprising that 
they did not find an effect for cognition. The results of the 
two studies by McMorris et al. are more difficult to make 
sense of. The creatine effects for BDS in these studies 
were smaller than in the present study, while the effects 
in studies with the same kind of population as ours were 

2   Samadi et  al. [59] mistakenly concluded they had found a creatine 
effect because their creatine group improved significantly while their pla-
cebo group did not. However, the creatine effect is correctly measured by 
the difference in change between the two groups (i.e. the time × supple-
ment interaction) and this was not significant (p = 0.84), nor does it likely 
give Bayesian evidence in favour of a creatine effect, although we did not 
check this. Note also that in addition to creatine and placebo, both groups 
received beta-alanine.
3   One of the studies with omnivores that did not find an effect was on chil-
dren [48]. Another one also found no effect of creatine on strength, in con-
trast to a large body of literature [50].
4   Rae et  al. [8] was a crossover study like ours. As opposed to us, they 
included two baselines. To better compare our results to them, we did not 
just look at their reported effect but also calculated their effect size using 
just the after-supplement scores like we did in this study (see Appendix). 
Their effect was still much larger than ours.

5  Using the doubled effect size for Rae et al. [8], because they did not pre-
sent the same sequence length twice by default like we did.
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larger than in the present study. Ignoring the differences 
in populations for a moment, it might simply be that the 
real effect of creatine on BDS performance lies in the 
middle like our study.

In a review by Avgerinos et  al. [7] on the effects of 
creatine supplementation on cognition, studies testing 
BDS were grouped together with two studies with other 
short-term memory tasks: Benton and Donohoe [23] 
and Rawson et  al. [60]. The short-term memory task in 
Benton and Donohoe [23] consisted of the recall of 30 
words. There was a creatine effect only for their vegetar-
ian participants for this task. However, as mentioned in 
the discussion section on diet, this study included a large 
number of tasks, so we consider this finding exploratory. 
The short-term memory task in Rawson et al. [60] was the 
Sternberg task, where participants had to memorise 6 let-
ters displayed for 20 s and subsequently decide if “probe” 
letters were included or not in those 6 letters. Rawson 
et  al. [60] found no effect of creatine, which Avgerinos 
et al. [7] attributed to the participants’ young age (M = 20, 
SD = 2.2). While this is plausible in theory and there is 
evidence supporting older people benefiting more from 
creatine, it is unclear to what extent it explains the dif-
ferences in findings in this case, as two studies with par-
ticipants who were only slightly older [8, 56] found large 
creatine effects for short-term memory while the only 
two studies with elderly participants found no effect.

Five of our exploratory tasks, the forward digit span, 
forwards and backwards block-tapping task (spatial), the 
BVMT-R, and the immediate recall part of the VLMT 
also tested short-term memory and there was no indica-
tion of an effect for these tasks. A review by Dolan et al. 
[50] reports that a creatine effect is more likely for more 
cognitively demanding tasks. In line with this, we found 
some indication of a creatine effect for the backward digit 
span (BDS) but not for the less demanding forwards digit 
span and block-tapping tasks. The VLMT and BVMT-R 
may also be less cognitively demanding than the BDS, but 
this comparison is less obvious to make. Going against 
this idea, McMorris et al. [55] found a creatine effect for 
short-term memory tasks that we deem less demanding 
but not for BDS.

Overall, the effect size for BDS in the present study lies 
in between that of other studies, some of which found 
very large effects and some of which found no effect. The 
reason why we found an effect for BDS, which is a short-
term memory task, but not for our exploratory short-
term memory tasks, might be that BDS is probably more 
difficult and thus requires a higher ATP turnover, which 
is where creatine helps. Short-term memory is critical 
for language comprehension, learning, planning, reason-
ing, and general fluid intelligence [65], so even a small 

improvement in the most difficult tasks might be very 
valuable.

RAPM and other abstract reasoning tasks
In our study, the creatine effect for Raven’s Advanced 
Progressive Matrices (RAPM) was much smaller 
(d = 0.09) compared to two of the three other studies in 
the literature that have tested the effect of creatine sup-
plementation on RAPM in healthy adults [8, 54, 56]. It 
is unclear how our effect for RAPM compares to that 
of the third study [56] because they did not report this 
effect size or any other information that could be used to 
calculate it. However, as their creatine effect for RAPM 
was in the predicted direction but not significant and 
presumably also not bordering significance, the effect in 
that study was likely not very different from that of the 
present study. So, our results are likely in line with those 
of Hammett et al. [56]. Hammett et al. [56] used a shorter 
version of the RAPM (5 min) compared to Rae et al. [8] 
(10 min). It seems plausible that this might have made the 
task less robust and thereby reduced the effect.

Rae et  al. [8] have already been discussed above for 
BDS—the same points apply here. In short: No reason 
is evident why the effect would be smaller in the present 
study. Noise in RAPM was lower in the present study 
than in Rae et al. [8], so this does not explain the result. 
Again, age does not explain the difference in results. In 
line with the idea that cognition in young people ben-
efits less from creatine, a large study with children 
(aged 10–12) did not find a significant creatine effect 
on RAPM [21]. However, the age of our participants 
(mean = 31, sd = 10, median = 28) and Hammett et  al. 
[56] (median = 26) was slightly to moderately higher than 
in the other two adult studies (Rae et al.: median = 25.5; 
Ling et al.: mean = 21).

In a review by Avgerinos et  al. [7], studies testing 
RAPM were grouped together with a study by Rawson 
et al. [60] using a logical reasoning task and a mathemati-
cal processing task, which did not find a creatine effect. 
Avgerinos et  al. [7] explained this difference in findings 
with the participants’ age. The participants in Rawson 
et  al. were younger than those of the other studies in 
the review [8, 54]. However, compared to Ling et al., the 
age difference is so small (mean age of 20 (SD = 2.2) vs 
21 (SD = 1.4) years) that we do not think it explains the 
difference in the results of the two studies. A reason we 
find more compelling is the difference between the tasks. 
The mathematical processing task requires participants 
to decide if a three-step equation involving addition/
subtraction gives a result lesser or greater than five. The 
logical reasoning task consists of a series of symbols, 
for example #@, followed by two statements about their 
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order, for example # before @ and @ after #. The task 
is to determine if both or only one of the statements is 
consistent with the series. Both tasks seem to differ from 
RAPM in being easier to solve, less varied and complex, 
requiring less creativity and providing no progression in 
difficulty. Alternatively, the negative finding by Rawson 
et al. could also be explained by the creatine effect in the 
reasoning domain being smaller than suggested by the 
findings of Rae et al. and Ling et al. The present study and 
Hammett et al. [56] are in line with this explanation.

In sum, two studies found much larger creatine effects 
for RAPM than that in the present study, while a third 
study did not find a significant effect. Possibly the real 
effect lies in the middle like our study. RAPM, while not a 
pure measure of g [66], substantially correlates with gen-
eral intelligence [66] and predicts academic achievement 
[67]. Even small improvements would be very valuable.

Exploratory cognitive tasks other than short‑term memory
We did not find a creatine effect for our exploratory 
tasks. Our negative finding for the verbal fluency task is 
in line with the only other study using the same task [23]. 
Our negative finding for the long-term memory part of 
the VLMT is in line with two studies assessing long-term 
memory [21, 61] and in contrast with one study which 
found a creatine effect for this domain [55]. The study 
which found an effect on long-term memory used an 
idiosyncratic task in which participants had to remem-
ber a combination of occupations and photographs of 
faces. It might be that this task has characteristics that 
make it more susceptible to benefit from creatine—e.g. 
perhaps it is more difficult. Our negative finding for the 
trail-making task, which tests task switching, is in line 
with the same two studies [21, 61]. Our negative finding 
for the Stroop task, a test of inhibition, is again in line 
with the same two studies [21, 61] and in contrast with 
one study which found a creatine effect for this task [57]. 
In contrast to Van Cutsem et  al. [57], Alves et  al. [61] 
found no creatine effect on strength and the participants 
in Merege-Filho et  al. [21] were children (aged 10–12). 
These differences might explain why Van Cutsem et  al. 
[57] found an effect while the other two studies did not 
find an effect of creatine for any of their tasks. In addi-
tion, Van Cutsem et al. [57] modified the Stroop task in 
various ways that increased its difficulty. More difficult 
tasks have been hypothesised to benefit more from cre-
atine supplementation [50], because they require more 
energy, i.e. a higher ATP turnover, which is benefited by 
creatine. This modification might be why Van Cutsem 
et  al. [57] found a creatine effect for this task while the 
present study did not.

In sum, for the exploratory tasks, overall the evidence 
does not support a creatine effect. However, as the 

evidence for the Stroop task shows, this might be only 
when the tasks are made too easy for participants, so that 
creatine has no chance to help.

Effect of age
It has been claimed that creatine supplementation is 
more likely to benefit older adults more than younger 
ones [7, 68, 69]. So, one reason why creatine did not 
impact most of the cognitive tasks in this study might 
be that most of our participants were relatively young 
(mean = 31, sd = 10, median = 28).

One theory behind an effect of age is that brain creatine 
levels might decrease with age. There is evidence that this 
happens with muscle creatine levels [70–73] (although 
see [74, 75]), although it is unclear if this is an effect of 
ageing itself or a result of other reasons such as dietary 
choices or reduced physical activity [22]. Similarly, brain 
creatine might be affected by ageing directly or mediated 
by reduced brain activity. However, Solis et al. [22] found 
no difference between the brain creatine levels (nor mus-
cle creatine) of young and elderly adults, which speaks 
against this theory.

Experimental evidence suggests an effect of age. A 
meta-analysis by Prokopidis et al. [68, 69] on RCTs with 
healthy participants on an omnivore diet found that cre-
atine supplementation significantly improved memory in 
older adults (aged 66–76  years) but not younger adults. 
However, there are reasons for caution. The meta-analysis 
included only two studies (N = 25 and N = 32) with elderly 
participants [55, 61], only one of which found a creatine 
effect. For reasons unknown to us, the meta-analysis did 
not include Hammett et al. [56], who found a large cre-
atine effect on memory in young adults and might have 
changed the conclusion. In addition, as described above, 
a number of other studies with participants younger than 
ours found large creatine effects. The observational evi-
dence reported in the discussion of diet [62] is consist-
ent with an effect of age. However, as they did not include 
young adults, we cannot know if they would not show the 
same correlation.

Effect of gender
In their review, Smith-Ryan et  al. [76]  theorise that 
women might benefit more from creatine supplementa-
tion than men. The limited evidence from the present 
study and previous studies does not support this idea.

There have only been three RCTs on the effect of cre-
atine on cognition in healthy women and three in healthy 
men. One of the studies with women found a creatine 
effect and two did not find an effect (one of these with 
only elderly participants). Two of the studies with men 
(one of these with sleep-deprived participants) found a 
creatine effect and one did not find an effect. Apart from 
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the present study, which found no effect of sex, studies 
who included both men and women did not report the 
effect of sex. In their meta-analysis on the effect of cre-
atine on memory performance, Prokopidis et al. [68, 69] 
found no effect of sex.

Limitations
There are a number of limitations to this study. Despite 
the large sample size compared to other studies, a larger 
sample size would be needed to be powered for effects 
that are smaller but still relevant. Some of the data (4%) 
could not be analysed because it was not labelled with 
the participant and timepoint. The COVID-19 pandemic 
started in the middle of the study, might have added 
noise to the data, and meant that we had to switch from 
in-person cognitive testing to testing via video call. How-
ever, we do not see this potential source of noise reflected 
in the standard deviations compared to pre-pandemic 
studies. We assessed baseline days per week of meat 
consumption (median = 3.5, mean = 3.7, SD = 2.0), but 
not grammes per day of consumption. However, cre-
atine intake through meat is usually substantially lower 
than the supplemented dose [13]. Adherence was self-
reported and not checked with blood samples. A major 
limitation is that brain creatine levels were not assessed. 
Another limitation is that the proportion of participants 
who correctly guessed their supplement order (59%) 
bordered on significance (p = 0.08). However, most par-
ticipants who guessed correctly reported being very 
unsure about their guess. The largest contributing factor 
to correct guesses was likely the difference in the solubil-
ity between the powders, followed by negative and posi-
tive side effects. We attempted to counteract differences 
in solubility by recommending participants to stir the 
supplements into yoghurt. Mixing creatine in yoghurt 
rather than water might have negatively affected creatine 
absorption, because the lower water content and usu-
ally cold temperature of yoghurt would decrease creatine 
solubility [77]. However, yoghurt is still relatively liq-
uid and has a high water content of about 70–90% [78]. 
Yoghurt provides carbohydrates (4–18  g/100  g) [78], 
which has been found to aid creatine retention [27, 79]. 
In addition, yoghurt has a lower pH value than water (4 
vs. 6.5–9-5) [80, 81], a factor likely aiding absorption [82]. 
Overall, our educated guess is that creatine absorption 
when mixed in yoghurt is similarly effective as in cold 
water but worse than in warm water. For future studies, 
we recommend cellulose as the placebo and a mixture of 
cellulose and creatine as the treatment, as these two look 
extremely similar when dissolved in water. The alterna-
tive solution with capsules would require participants to 
consume many capsules per day. This would likely reduce 
adherence and massively increase costs. Unfortunately, it 

is difficult to achieve perfect blinding when side effects 
occur with higher frequency in the creatine condition. 
The side effects of creatine are well-known and not dan-
gerous [1, 4–6].

Conclusions
Supplementing creatine is safe, easy, and very cheap. 
The real effect of creatine on cognition is likely smaller 
than that reported in Rae et al. [8]. However, even small 
improvements in cognition may be relevant, especially if 
accumulated over many people and over time. The results 
of this study do not allow any strong conclusions, but it 
would be worthwhile to test for a small effect of creatine 
in strategically designed, larger studies.
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Background: Despite the growing integrative trend in psychotherapy, few studies have examined the potential for immediate
anxiety relief of many different psychotherapeutic exercises side by side under the same conditions. This information might be
important to enhance engagement and self-efficacy, stop negative feedback loops, and prevent avoidant or destructive behavior
during crises. Technology-based psychotherapeutic exercises are of particular interest because they are accessible and scalable.
Methods: This parallel, double-blind, randomized trial (N= 1092) compared 12 psychotherapeutic exercises of the Mind Ease app
against a reading control and a measurement-only control. Efficacy was measured with a custom scale validated against the state
subscale of the State–Trait Anxiety Inventory.
Results: Each of the 12 exercises significantly reduced anxiety more than controls (p¼ 0:018 to <0.001, η2 p ¼ 0:06 to 0.37, d¼
0:5 to 1.5, d [95% CI] for all exercises together vs. reading control= 0.8 [0.6; 1.0], and vs. measurement-only control= 0.8 [0.6;
1.0]). Exercises employing cognitive restructuring had effect sizes d [95% CI] of 0.5 [0.2; 0.8], 0.7 [0.3; 1.0], and 0.9 [0.6; 1.2],
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1.3], 1.2 [0.9; 1.5], and 1.5 [1.2; 1.9]. Twenty-eight comparisons between exercises (42%) had p <0:05, nine met the Bonferroni-
adjusted threshold of p <0:0008.
Conclusions: The 12 psychotherapeutic exercises proved effective at immediately mitigating anxiety. Differences between exercises
were substantial even within categories. Mindfulness tended to have a larger effect than cognitive restructuring.
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1. Introduction

Anxiety is one of the most prevalent mental health concerns
worldwide, with high personal, social, and economic costs [1].
Even in the subclinical range, anxiety poses considerable distress
and is often accompanied by unhealthy coping mechanisms,
such as alcohol or other substance misuse. Learning healthy
coping strategies is essential for preventing anxiety disorders
and substance misuse disorders. Although numerous evidence-
based therapeutic approaches exist [2–4], many individuals face
barriers to accessing in-person treatment, including availability
of therapists, cost, stigma associated with mental health treat-
ment, and logistical challenges, such as transportation and time
[5]. Consequently, digital mental health interventions such as
mobile apps have gained increasing attention as a way to deliver
evidence-based strategies widely and cost-effectively [6].

Within the realm of therapeutic strategies for anxiety, a
broad range of approaches have demonstrated efficacy in
both research and clinical practice [7–11]. Cognitive restruc-
turing techniques focus on identifying and challenging mal-
adaptive thought patterns, modifying how individuals
interpret and respond to anxiety-provoking situations.
Mindfulness-based interventions involve cultivating nonjudg-
mental awareness of the present moment and promoting
acceptance of distressing thoughts and sensations. Relaxation
techniques, such as progressive muscle relaxation or diaphrag-
matic breathing, aim to reduce physiological arousal and ten-
sion. Positive expressive writing and gratitude practice
encourage deeper reflection on emotions and positive experi-
ences. Although thesemethods often share the common goal of
reducing anxiety, they differ in their underlying mechanisms
and immediate versus long-term aims.

Despite the growing integrative trend in psychotherapy [12],
few studies compare many exercises side by side with the same
population, duration and setting, making a direct comparison
between them difficult [11, 13–19]. Understanding the immedi-
ate effects of these interventions is important because many
people seeking help are motivated by the prospect of quick relief,
and immediate benefits may bolster ongoing engagement.
Engagement strongly predicts positive psychotherapy outcomes
[20] and is a concern of both mental health apps and in-person
psychotherapy [21, 22]. Immediate effects might also be impor-
tant for self-efficacy, to stop negative feedback loops, and to
prevent avoidant or destructive behavior during crises.

The present study addresses these gaps by comparing the
immediate effects of 12 app-based exercises in a single digital
platform, with the same population, duration, and setting. The
techniques employed in the exercises include several variations
of cognitive restructuring, several variations of mindfulness,
guided imagery, progressive muscle relaxation, diaphragmatic
breathing, positive expressive writing, and gratitude practice.

We did not have hypotheses about which exercises would
be most effective. The focus of this paper—the comparison
between exercises—is therefore exploratory. Our preregistered
hypotheses were that (1) each exercise would be more effective
at reducing immediate anxiety than the control conditions and
(2) the average exercise would be more effective at reducing
immediate anxiety than the control conditions.

2. Methods

2.1. Trial Design. We conducted a parallel, double-blind, ran-
domized, controlled trial. Participants were randomly allocated
to either one of the 12 exercises offered by the Mind Ease app or
one of two control conditions, namely reading an informational
text about anxiety or carrying on with regular activities. The
allocation ratio was 1 for each of the 12 exercises and 1.5 for
each of the two control groups. The trial design and participant
flow are summarized in Figure 1. We follow the CONSORT
reporting guidelines for parallel-group randomized trials [23].
Before publication, the study was disseminated as a
preprint [24].

2.2. Recruitment. Ethical approval was obtained from theMed-
ical Sciences Interdivisional Research Ethics

Committee (MS IDREC) of the University of Oxford (ref-
erence number R82884/RE001). Participants gave informed
consent to participate before being enrolled (see Appendix S1
for the recruitment text and consent form).

Participants were recruited online on the Positly platform,
which uses Amazon Mechanical Turk, and tested on Guided-
Track between March 11, 2023 and July 19, 2023. Positly auto-
matically used seven methods to help ensure that the study
participants it recruited were high quality and not spammers:
(1) It monitored the IP address of workers to prevent multiple
submissions from the same IP address. (2) It kept track of
whether web traffic was coming from a source that was previ-
ously known to have had high rates of spam. (3) It periodically
checked that participants were paying attention. (4) It checked
that participants’ prior work had a low rejection rate. (5) It used
CAPTCHAs to block automated bots. (6) It periodically
checked that participants were able and willing to follow simple
instructions. (7) It checked that participants spoke English.

Only participants aged 18 or above with the United States as
their registered location on Amazon Mechanical Turk were able
to take part. Participants completed a brief screening survey,
which assessed their anxiety levels. Only participants who
responded to at least two of the three slider questions (see Section
2.5) by saying they felt “quite bad/worried/tense” (score of 67
points) or worse were invited to take part in the study. For
participant characteristics, see Section 3. The screening, interven-
tions, and assessments were done automatically onGuidedTrack.

2.3. Interventions. Therewere 12 exercises and two control inter-
ventions. In the app, the exercises have names different from those
used here. For a list of correspondence see Appendix S1.

2.4. Exercises

2.4.1. Cognitive Distortion List. This exercise consisted of cog-
nitive restructuring with the aid of a cognitive distortion list.
Participants were encouraged to identify and challenge distres-
sing thoughts or beliefs that trigger anxiety. A list of common
cognitive distortions (e.g., all-or-nothing thinking, overgener-
alization) was provided to participants. Participants were
guided to recognize which distortions they engaged in, to chal-
lenge these distorted thoughts, and to replace them with more
accurate, balanced, and helpful thoughts.
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2.4.2. Silver Lining. This exercise employed cognitive restruc-
turing, reinterpreting a situation by identifying positive aspects
or results.

2.4.3. Positive Expressive Writing. In this exercise, participants
were guided to recall and write about a positive, joy-filled expe-
rience from their past, using as much detail (smell, feelings,
thoughts, etc.) as possible.

2.4.4. Gratitude Practice. In this exercise, participants were
guided to reflect on three things they were grateful for.

2.4.5. Guided Imagery. In this exercise, participants were
guided to visualize themselves in a relaxing environment, while
smiling (including their eyes) for the last minute.

2.4.6. Anxiety-Excitement Reappraisal. This exercise initiated
with participants selecting a distressing concern they thought
they might be able to feel better about. Participants then
learned about the vicious cycle of emotion, bodily sensations,
and thoughts driving panic attacks and were reminded that
their feelings are not harmful. Subsequently, participants
were guided to recognize the similarities between physical
symptoms of anxiety and excitement and to reframe their
understanding of their physical symptoms from anxiety (“I’m
feeling anxious”) to excitement (“I’m feeling excited”).
Anxiety-excitement reappraisal is based on the understanding
that anxiety and excitement are both states of high arousal but
differ primarily in their appraisal as negative or positive, respec-
tively. The technique is a form of cognitive restructuring.
Finally, participants were asked to write down and execute an
action based on their values.

2.4.7. Mindful Breathing. Participants were directed to focus
their attention on their breath, observing each inhalation and
exhalation without trying to alter the breathing pattern. When
the mind wanders, which it often does, the instruction was to
gently bring the attention back to the breath, without
judgement.

2.4.8. Dropping Anchor. In this exercise commonly known as
dropping anchor [25], participants were led through a series of
mindfulness exercises, beginning with sound awareness, pro-
gressing to body sensations, and then to visual details. The aim
was not to identify or analyze these sensations, but simply to
notice them as they arise and fade, anchoring the individual in
the present moment.

2.4.9. Body Scan. This exercise consisted mostly of mindful
confrontation with bodily symptoms of anxiety combined
with a “body scan” (shifting attention gradually through the
body; [25]). Participants were guided to identify the specific
physical sensations associated with their anxiety, to locate these
sensations in their bodies, and to observe these sensations
without trying to change them. The idea is that by approaching
these symptoms with curiosity rather than fear, individuals can
develop a different relationship with their anxiety, one charac-
terized by acceptance rather than avoidance [26]. The exercise
also includes a brief appearance of diaphragmatic breathing
(see “diaphragmatic breathing” exercise) and cognitive

restructuring (at the end of the exercise, participants were asked
to reflect on how their bodily symptoms of anxiety might be
informative and trying to help them).

2.4.10. Leaves on a Stream. This exercise included the Leaves
on a Stream exercise, as well as guidance to mindfully observe
thoughts and feelings without this visualization. Leaves on a
Stream is a mindfulness-based exercise used to promote
detachment (also called defusion) from one’s thoughts and
foster acceptance [27]. The idea is to see thoughts as temporary
mental events, not reality-defining facts, reducing overidentifi-
cation with thoughts. Participants visualized themselves by a
stream, placing each arising thought on a leaf and observing it
come and go. The cognitive restructuring method of challeng-
ing thoughts (“Is it actually true?”) briefly appeared too.

2.4.11. Diaphragmatic Breathing. The exercise involved inhal-
ing slowly and deeply through the nose, allowing the dia-
phragm to rise and the lungs to fully inflate. This was
followed by a slow, controlled exhalation through the mouth,
during which the diaphragm fell. The process was repeated
many times.

2.4.12. Progressive Muscle Relaxation. Progressive muscle
relaxation involves systematically tensing and then releasing
different muscle groups throughout the body, leading to a state
of overall physical relaxation.

2.4.13. Control Conditions. There were two control conditions:
One control group was instructed to do what they would ordi-
narily do for 7 minutes (the expected average duration of the
interventions), until a bell chimed (measurement-only con-
trol). Participants were not able to continue before the
instructed time of 7minutes had been reached. The other con-
trol group was given an informational text about anxiety to
read [28] (reading control). See Appendix S1 for the text and
exact instructions given to participants.

2.4.14. Similarity of Interventions and Treatment Expectations.
The reading control was superficially similar to the exercises
because the exercises also included reading texts. Measurement-
only participants had the two anxietymeasurements aswell as the
delay between them in common with the other groups. The
measures, texts, and exercises were on the same platform and
in the same visual style for all participants. The exercises and
control conditions had similar durations (in minutes: exercises
M= 9.8, SD= 4.1, reading control M= 8.9min, SD= 4.1,
measurement-only control M= 12.6, SD= 3.5). Participants
were not told there would be control groups, but they were
informed before taking part that the study was about online
interventions to reduce negative feelings. It is therefore likely
that the measurement-only participants realized that they were
in a control group. In contrast, the reading control groupwas less
obviously a control group—participants were given a long text
about anxiety to read (Appendix S1), which was likely perceived
as a psychoeducational intervention. Nevertheless, both control
conditions likely produced lower treatment expectations than
the exercises. The control groups were important to control
for the time passed between the two measures. Participants
knew they would be compensated regardless of how they
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responded, so therewas nofinancial incentive to lie. The fact that
the study was conducted fully online and automatically without
staff being present likely minimized the pressure to provide
expected or socially desirable responses.

2.4.15. Changes After the Trial Commenced. Originally, parti-
cipants could also be randomized into a group that received an
exercise selected by Mind Ease’s machine learning algorithm
(rather than random allocation to an exercise). However, after
the first 82 participants had been assigned to this group, we
found a bug in the data processing for the ML algorithm. This
meant that participants had not received the right recommen-
dations. This bug only affected the ML algorithm in the study,
and not the algorithm used in the public version of the Mind
Ease app. We discarded the data of these 82 participants. As
recruiting was slower and more expensive than expected (see
Section 2.6), we would not have been able to power this group
to an acceptable extent anymore, so we stopped the allocation
to this group.

2.5. Outcomes. Our primary outcome was the anxiety score
calculated as the average response to three slider questions
(picture in Appendix S1). The slider questions were used
because they took a very short time, were already part of the
app, and we wished to capture the experience of real users as
much as possible. These questions were asked before and after
the interventions. In these three questions, participants were
asked to report how they were feeling at that moment by mov-
ing a continuous slider that was accompanied by seven labels
appearing depending on the position of the slider. The labels
for the tense-relaxed slider were “very tense,” “quite tense,”
“somewhat tense,”“neither tense nor relaxed,” “somewhat
relaxed,” “quite relaxed,” and “very relaxed.” “Neither tense
nor relaxed” corresponded to the exactmiddle point of the scale,
while the other six labels corresponded to an area covering one-
sixth of the scale respectively. In the same fashion, the other two
sliders ranged from “very worried” to “very calm” and “very
bad” to “very good,” respectively. The range of possible scores
for the primary outcome was 0 (no anxiety) to 100 (high anxi-
ety). Participants did not see these numbers on their interface.

We conducted a separate prestudy with 199 adult US parti-
cipants to determine (1) the convergent validity with the state
subscale of the State-Trait Anxiety Inventory (STAI) and (2) the
internal consistency of the scale. The STAI state subscale consists
of 20 self-report items (e.g., “I feel calm”) on a four-point Likert
scale from “not at all” to “very much so.” Participants in the
prestudy were recruited on Positly December 4–15, 2022 (see
Appendix S1 for consent form and recruitment text). Their
mean age was 39.6 years (SD= 11.7), 44%were female, and their
mean STAI state subscale score was 37.3 (SD= 13.5). The three-
slider scale correlated positively and highly significantly with the
STAI state subscale, r (197)= 0.872, p <0:001, without exclud-
ing any outliers. After excluding one obvious outlier based on
visual inspection of the scatterplot (three-slider scale score of 27
and STAI state subscale score of 76), the result was very similar, r
(196)= 0.893, p <0:001. See Appendix S1 for a scatterplot of the
data including the outlier. The results of the linear regression
(excluding the outlier) are STAI state subscale score= three-
slider scale score×0.55+ 20.66. We used this equation to report

the results of the main study in STAI state subscale score equiv-
alent, so that they are in a unit that is familiar to readers. Cron-
bach’s alpha, a measure of internal consistency, was 0.94 in the
prestudy, with interitem correlations between 0.81 and 0.90. In
themain study, Cronbach’s alphawas 0.70 (pre) and 0.90 (post).
These high levels of internal consistency are to be expectedwhen
measuring interdependent aspects of state anxiety and are com-
parable to those found for other state anxiety scales [29, 30].
Participant feedback on ease of use, clarity, and content validity
indicated high satisfaction in all of these areas. For a comparison
with similar scales and details on the participant feedback sur-
vey, see Appendix S1.

2.6. Sample Size.Weoriginally preregistered a total sample size
of 5550 completed participants (370 participants per exercise
group, 555 participants per control group). However, when we
had recruited 582 participants (39 per exercise group and 57
per control group), we noticed that recruitment was substan-
tially slower and more expensive than expected, so we would
not be able to recruit the preregistered number of participants.
An interim analysis and new sample size calculation showed
that the effect sizes were larger than expected, so we would
nevertheless be able to power the study adequately. We there-
fore updated the preregistration to a recruitment goal of 1126
participants (75 per exercise group and 113 per control group),
that is, about twice the number of participants we had recruited
at that point. In the end, 1108 participants completed the study.
As preregistered, we excluded those with a baseline anxiety
score below 50, leaving us with 1092 participants (on average
73 per active treatment and 112 per control group). Finally,
after also excluding participants based on a time criterion (see
Section 2.8), there were 1054 participants, on average 106 in
each control group and 70 in each active treatment group.

2.7. Randomization and Blinding. GuidedTrack was used to
randomly assign the interventions to participants using simple
randomization. Staff did not interact with the participants.
Participants were not told whether they were in an intervention
or in a control group. To make participants think, they were
not in a control group despite not receiving any intervention,
measurement-only participants were told that “we would like
to test changes in mood over short periods of time.”

2.8. Statistical Methods. Following themethods outlined in our
preregistration, we conductedmixed ANOVAs with time (pre-
vs. post-intervention) as the within-subjects variable,
intervention (exercise vs. control) as the between-subjects
variable and anxiety score as the dependent variable. We
applied the Greenhouse–Geisser correction to all our analyses
but the correction did not change any value. In addition, we
performed independent t-tests of the improvement scores,
which resulted in the same p-value (two-tailed) as the
interaction of the ANOVA. It is a different way of doing the
same analysis and was conducted to aid interpretation. See
Appendix S1 for SE and SD of the pre and post scores.

In addition, we checked the robustness of our normality-
assuming ANOVAs by performing 5%- and 20%-winsorised
ANOVAs as well as a robust ANOVA which uses trimming
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and bootstrapping (performed with the sppi functions in the
WRS2 R package) [31, 32].

As preregistered, we excluded participants with a baseline
anxiety level below 50 on the three-slider scale (equivalent to a
score of 48 on the STAI state subscale). We performed analyses
including participants who took less than 3 and more than

30minutes, as well as without these participants (time crite-
rion). We implemented this time criterion because participants
who spent too little time on the exercise cannot have performed
it properly. Participants who took more than 30minutes (in
one case, over 7000minutes) likely did other things than just
the treatment between the two anxiety assessments. In

One of 12 exercises (each with allocation ratio = 1, i.e, N = 80) or
one of two controls (each with allocation ratio 1.5, i.e, N = 120) 

Assessment of anxiety (three-slider questions)
Demographic questionnaire 

N per exercise group: 64–78
N per control group: 110 and 113 

N per exercise group: 61–76
N per control group: 105 and 107

Screened (N = 5379) 

Assessed for eligibility, including
assessment of anxiety (three-slider questions) 

Excluded or failed to continue (N =4201) 

Randomized (N = 1178) 

Dropout (N = 0) 

Baseline (N = 1178) 

Assessment of anxiety (three-slider questions) 

Excluded for low baseline anxiety score (N = 16) 

Treatment N = 1162 

Dropout (N = 70, 2–13 per group) 

Follow-up (N = 1092) 

Analysis without time criterion (N = 1092) 

Excluded due to time criterion (total N = 38)
• Less than 3 min (N = 11)
• More than 30 min (N = 27)

Analysis with time criterion (N = 1054) 

FIGURE 1: Participant flow through the study. For dropouts per group see Appendix S1.
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addition, anxiety fluctuates over time, so a large variation in
time taken brings in noise. The results of the analyses with and
without the time criterion are essentially the same. We did not
think of preregistering a time criterion, but because it makes
sense to have it, we focus on the analysis with the time criterion
in this paper and report the results without the time criterion in
Appendix S1. Participants were included in the analysis irrespec-
tive of the quality of their write-in responses, whichwas generally
high (see Section 2.4).

There was no way for participants to receive any other
intervention than the originally assigned one, therefore the
issue of how to analyze participants where this happened did
not arise.

3. Results

3.1. Participant Flow. The participant flow through the study,
including the numbers allocated to each intervention, is pre-
sented in Figure 1.

3.2. Participant Characteristics. For participant characteristics
at baseline, see Table 1.

Almost half of the participants (46%, 480 participants) took
either mental health medication or used psychotherapeutic
help. The mental health medication participants reported tak-
ing consisted mostly of antidepressants (81%), followed by
sleeping pills or minor tranquillizers (27%), mood stabilizers
(20%), and antipsychotics (6%). The psychotherapeutic help
participants reported using consisted mostly of seeing a mental
health clinician such as a counselor or a psychologist (72%),
followed by books or blogs (17%), apps (9%), and support
groups (1%). Participants were asked to write in an open text
box what type of therapy they received. In total, 4.9% of parti-
cipants reported CBT and 0.6% reported ACT as the type of
therapy. However, most participants only wrote “talk therapy,”
“psychotherapy,” or similar, so these percentages likely largely
underestimate participants’ exposure to these types of therapy.
A fourth (25.3%) of participants reported meditating for 5min-
utes a day at least 1 day a week. Including participants with no
meditation days, on average participants meditated for at least
5minutes 1 day a week (M= 0.87, SD= 1.77). Participants’
baseline anxiety was 73.7 on the three-slider scale (possible
range: 0–100), corresponding to quite “tense/worried/bad.”
Based on the regression in our prestudy, this corresponds to a
STAI state score of 61.2 (possible range: 20–80). It has been
suggested that clinically significant anxiety starts at a STAI state
subscale score of 40 [33, 34], and possibly at a score of 55 for
older adults [35].

3.3. Adherence and Side Effects. Exercises involved writing into
text boxes in the app and guidedmeditations. Participants were
not able to continue before the instructed time for the medita-
tions had been reached. The following exercises included text-
boxes to be filled out by participants: “identifying cognitive
distortions,” “anxiety-excitement reappraisal,” “Leaves on a
Stream,” “gratitude practice,” “positive expressive writing,” “sil-
ver lining,” and “body scan.” It was not possible for participants
to continue the study without entering something into the text-
box, apart from the exercise “body scan.” The answers entered

into the textboxes showed an appropriate engagement with and
execution of the exercise for all participants except one for the
exercise Leaves on a Stream and one for the exercise gratitude
practice In addition, 18 “body scan” participants finished the
study without entering any text.

Participants had the opportunity to give feedback on the
study and many used this opportunity. No adverse effects
were reported.

3.4. Effects of the Psychotherapeutic Exercises. In line with our
hypotheses, the average intervention was significantlymore effec-
tive than the control conditions at reducing anxiety (vs. reading
control: p <0:001, η2p= 0.063, d= 0.8; vs. measurement-only
control: p < 0.001, η2p=0.059, d=0.8, Figure 2). In addition,
in line with our hypotheses, each individual exercise was signifi-
cantly more effective than the measurement-only control
(Figure 3 and Table 2) as well as the reading control (see Appen-
dix S1). This is true for the preregistered significance threshold
unadjusted formultiple comparisons (p <0:05), as well as for the
significance threshold adjusted for multiple comparisons
—p <0:004 if adjusting only for the confirmatory comparisons
between exercises and the measurement-only control, p <0:002
if adjusting also for the exploratory comparisons between exer-
cises and the reading control. This is very different from the 5%
comparisons expected to have p <0:05 by chance and thus
strongly suggests that the exercises are effective. The skew for
the pre- and post-distributions of interventions ranged from
−0.4 to 0.4, with kurtosis ranging from−1.1 to 1.6 (see Appendix
S1). The results were similar for winsorized as well as bootstrap
and trimmedANOVAsdone as robustness checks (seeAppendix
S1). An exploratory analysis revealed that higher baseline anxiety
was associated with a greater treatment effect, r (1052)=
0.178, p <0:001.

Exploratory analyses (Figure 4) showed that the effects of
the exercises differed more than would be expected by chance.

All active treatments
Both control groups

Pre Post

62

60

56

58

54A
nx

ie
ty

 sc
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e

52

50

FIGURE 2: Pre- and post-intervention means of the anxiety scores for
all exercises together and the two control groups together. The
anxiety score is the STAI state subscale equivalent. The error bars
represent 95% confidence intervals. STAI, State-Trait Anxiety
Inventory.
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One way of seeing that the differences between exercises
seem to be different from what would be expected by chance is
that Bonferroni-adjusting for 66 tests would give a significance
threshold for p of 0.05/66= 0.0008, and there are nine compar-
isons that meet this adjusted significance threshold. Twenty-
eight comparisons (42%) had p <0:05. This is very different
from the 5% comparisons expected to have p <0:05 by chance
and thus seems to suggest that there might be some real differ-
ences between the exercises.

4. Discussion

The present study examined and compared the immediate
effects of 12 app-based exercises on anxiety levels. The exercises
included several variations of cognitive restructuring, several
variations of mindfulness, guided imagery, progressive muscle

relaxation, diaphragmatic breathing, positive expressive writ-
ing, and gratitude practice.

In line with our hypotheses, our results revealed that the
app interventions, when analyzed together as well as when
analyzed separately, were significantly more effective than the
control conditions at reducing immediate anxiety. The Cohen’s
d effect sizes for the different exercises ranged from 0.5 (tradi-
tionally considered “medium”) to 1.5, with all but two of the
12 exercises over d= 0.8 (traditionally considered “large”). We
consider the size of the improvements for all exercises in the
app to be relevant. This interpretation is supported by a previ-
ous study which found d= 0.5 to be a clinically relevant reduc-
tion in anxiety [36], as well as roughly by a Cochrane review
[37] using the rule of thumb of a 10% improvement being
clinically relevant, which translates to d= 0.67 in our study.
Our results align with the growing body of evidence indicating

TABLE 1: Participant characteristics at baseline.

Characteristic Total Active treatments Measurement-only control Reading control

N 1054 842 107 105
Age in years: range (M, SD) 21–92 (39, 11) 21–92 (39, 11) 23–72 (39, 11) 22–73 (39, 11)
Sex (female, %) 66% 65% 69% 71%
Ethnicity (White, %) 77% 76% 78% 83%
Mental health medication (yes, %) 37% 36% 39% 38%
Psychotherapeutic help (yes, %) 26% 26% 30% 25%
Meditation days/week (M, SD) 0.87 (1.77) 0.81 (1.71) 1.43 (2.30) 0.76 (1.54)
Meditation (yes, %) 25.3% 24.8% 31.8% 22.9%
Anxiety (STAI state subscale score equivalent) 61.2 (6.1) 61.1 (6.1) 61.1 (6.2) 61.5 (6.1)

Note: Data are given as mean (standard deviation) or as percentage. To facilitate interpretation, the STAI state subscale score equivalent of the three-slider scale
score is given, calculated based on our prestudy as STAI state subscale score= three-slider scale score× 0.55+ 20.66.
Abbreviation: STAI, State-Trait Anxiety Inventory.
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TABLE 2: Comparing exercises to measurement-only control.

Exercise N
ANOVA t-test Improv. diff.

(M, SE)
Regression

Category
p η2p d [95% CI] beta p

All exercises 842 <0.001 0.059 0.8 [0.6; 1.0] 6.38 (0.55) 0.24 <0.001 NA

Cognitive distortion list 67 <0.001 0.058 0.5 [0.2; 0.8] 3.4 (1.2) 0.10 0.005 Cognitive restructuring

Diaphragmatic breathing 68 <0.001 0.072 0.6 [0.3; 0.9] 3.0 (0.8) 0.08 0.018 Diaphragmatic breathing

Silver lining 71 <0.001 0.094 0.7 [0.3; 1.0] 4.3 (1.1) 0.13 <0.001 Cognitive restructuring

Gratitude practice 71 <0.001 0.124 0.8 [0.5; 1.1] 4.7 (1.0) 0.14 <0.001 Gratitude practice

Body scan 68 <0.001 0.16 0.9 [0.6; 1.2] 6.3 (1.2) 0.17 <0.001
Mindfulness+ exposure to bodily sensations of anxiety,

(diaphragmatic breathing, cognitive restructuring)

Anxiety-excitement reappraisal 71 <0.001 0.17 0.9 [0.6; 1.2] 5.7 (1.0) 0.17 <0.001
Cognitive restructuring+ exposure to bodily sensations of anxiety,

(value-based action)

Dropping anchor 72 <0.001 0.191 1.0 [0.7; 1.3] 6.5 (1.1) 0.19 <0.001 Mindfulness

Positive expressive writing 61 <0.001 0.215 1.1 [0.7; 1.4] 7.5 (1.3) 0.22 <0.001 Positive expressive writing

Leaves on a stream 74 <0.001 0.264 1.2 [0.9; 1.5] 9.0 (1.3) 0.29 <0.001
Mindfulness+ exposure to anxious thoughts, (cognitive

restructuring)

Progressive muscle relaxation 69 <0.001 0.274 1.3 [0.9; 1.6] 8.0 (1.1) 0.25 <0.001 Progressive muscle relaxation

Guided imagery 76 <0.001 0.287 1.3 [1.0; 1.6] 8.7 (1.1) 0.27 <0.001 Imagery, (smiling)

Mindful breathing 74 <0.001 0.37 1.5 [1.2; 1.9] 9.5 (1.0) 0.30 <0.001 Mindfulness

Note: There were 107 participants in the measurement-only control group. The difference in improvement is given in STAI state subscale equivalent score (mean, standard error). Categories that played a major role
are not in parentheses, categories that played only a minor role are in parenthesis. P and η2P are given of the interaction of the mixed ANOVAs with time (pre vs post intervention) as the within-subjects variable,
intervention (exercise vs measurement-only control) as the between-subjects variable and anxiety score as the dependent variable. Cohen’s d of the improvement score is given. The regression used STAI state
subscale equivalent scores, with the improvement score as the outcome variable, and pre score and exercise as predictor (dummy variables with the measurement-only control group as the comparator). See the
appendix for further details on the regression results, F and df of the ANOVA, and details on means, standard deviations and standard errors pre and post intervention separately.
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the potential of smartphone-based interventions [5] as well as
self-guided and Internet-based therapies more generally
[38–42] in managing mental health issues.

The effect sizes of the different exercises differed substan-
tially even within categories. Cognitive restructuring with the
aid of a cognitive distortion list had the smallest effect size (d=
0.5), while mindful breathing had the largest effect size (d=
1.5). In general, mindfulness exercises (d [95% CI]= 0.9 [0.6;
1.2], 1.0 [0.7; 1.3], 1.2 [0.9; 1.5], and 1.5 [1.2; 1.9]) tended to
have larger effects than cog. restructuring exercises (d [95%CI]
= 0.5 [0.2; 0.8], 0.7 [0.3; 1.0], and 0.9 [0.6; 1.2]). The mindful-
ness exercise with the smallest effect (“body scan”) included
exposure to the bodily sensations of anxiety, which is an impor-
tant strategy for long-term improvement but might be chal-
lenging in the immediate term. It is encouraging that this
exercise nevertheless had a large and positive effect size. A
mindfulness exercise with a larger effect was Leaves on a
Stream. It also involved exposure, but to thoughts instead of
bodily symptoms, which might have been less challenging and
the reason for the difference in effects. Interestingly, the cogni-
tive restructuring exercise “anxiety-excitement reappraisal”
had a larger effect size than other two cognitive restructuring
exercises (cognitive distortion list, silver linings) despite being
the only one to include attention to the bodily symptoms of
anxiety. In contrast to the other two cognitive restructuring
exercises, “anxiety-excitement reappraisal” did not involve
making an argument, which might be the reason for this
difference.

The “anxiety-excitement reappraisal” exercise was a cogni-
tive restructuring exercise in which participants were encour-
aged to reinterpret their physiological symptoms of anxiety as
excitement. Excitement was chosen as the target emotion
because it is arousal-congruent to anxiety [43]. In a previous
study, this form of cognitive restructuring improved perfor-
mance and increased excitement but, in contrast to our study,

did not reduce anxiety [43]. However, related approaches of
reinterpreting stress as positive have been found to reduce
anxiety [13]. In Brooks [43], guidance seems to have been
limited to instructing participants to say “I am excited” out
loud and to try to believe it. In the present study, the concept
of anxiety-excitement reappraisal was explained to participants
more comprehensively. It is possible that the discrepancy is due
to this more detailed guidance. Alternatively, it is possible that
the discrepancy is due to other ingredients that appeared briefly
in the “anxiety-excitement reappraisal” exercise, namely
another form of cognitive restructuring (“anxiety does not
harm you”) and the encouragement to perform a value-based
action.

Diaphragmatic breathing had a much smaller effect size
than mindful breathing (d [95% CI]= 0.6 [0.3; 0.9] vs. d
[95% CI]= 1.5 [1.2; 1.9]). This seems to suggest that the mind-
fulness component in mindful breathing made this exercise so
effective. This is in line with evidence on the beneficial behav-
ioral and neurophysiological changes induced by mindfulness
[15] and with a previous study that found that inducing an
acceptance context (as mindfulness does) was more effective
than diaphragmatic breathing at reducing state anxiety [44].
However, in contrast to that study, which found no positive
effect of diaphragmatic breathing compared to a no-instruction
control, our study found a significant positive effect of this
exercise. The discrepancymight be due to the specific interven-
tion (CO2-enriched air inhalation) chosen to induce anxiety in
that study. Diaphragmatic breathing (slow, deep, and diaphrag-
matic) does not allow hyperventilation, but hyperventilation
increases the rate of removal of CO2 from the blood and would
be adaptive in this particular situation. In contrast to our find-
ing, Hunt et al. [45] found the opposite pattern: diaphragmatic
breathing had a more positive impact than mindful breathing
on stress. This effect was moderated by how spiritual partici-
pants were, with more spiritual participants benefiting more

Cognitive
distortion list 

Diaphragmatic
breathing 

Silver lining Gratitude
practice 

Body scan Anxiety-
excitement
reappraisal 

Dropping
anchor 

Positive
expressive
writing  

Leaves on a
Stream 

Progressive
muscle

relaxation  

Guided imagery d M

Cognitive
distortion list 

/ — — — — — — — — — —

Diaphragmatic
breathing 

0.05, 0.766 / — — — — — — — — —

Silver lining 0.11, 0.506 –0.19, 0.269 / — — — — — — — —

Gratitude practice –0.17, 0.324 –0.26, 0.123 –0.05, 0.766 / — — — — — —

Body scan –0.33, 0.057 –0.43, 0.013 –0.23, 0.185 –0.19, 0.265 / — — — — — —

Anxiety-
excitement
reappraisal 

–0.30, 0.084 –0.42, 0.015 –0.18, 0.283 –0.14, 0.408 0.07, 0.700 / — — — — —

Dropping anchor –0.38, 0.027 –0.50, 0.003 –0.27, 0.111 –0.23, 0.166 –0.03, 0.877 –0.10, 0.554 / — — — —

Positive
expressive writing 

–0.47, 0.009 –0.61, 0.001 –0.37, 0.037 –0.34, 0.055 –0.14, 0.439 –0.22, 0.223 –0.12, 0.501 / — — —

Leaves on a
Stream 

–0.62, 0.0003 –0.75, <0.0001 –0.52, 0.002 –0.49, 0.003 –0.28, 0.094 –0.37, 0.026 –0.27, 0.103 –0.15, 0.393 / — —
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muscle relaxation 

–0.57, 0.001 –0.74, <0.0001 –0.46, 0.007 –0.44, 0.011 –0.20, 0.241 –0.30, 0.083 –0.19, 0.273 –0.05, 0.764 / —

Guided imagery –0.64, 0.0002 –0.79, <0.0001 –0.53, 0.002 –0.51, 0.002 –0.28, 0.099 –0.37, 0.024 –0.27, 0.107 –0.14, 0.437 –0.09, 0.587 /

Mindful breathing –0.78, <0.0001 –1.00, <0.0001 –0.67, <0.0001 –0.66, 0.0001 –0.39, 0.025 –0.51, 0.003 –0.38, 0.012 –0.23, 0.192
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FIGURE 4: Comparing exercises to each other.Note: Cohen’s d and two-sided p-value ofWelch t-test for comparison between two exercises is given
(unadjusted formultiple testing). Datawith the time criterion is used. Light green: p<0:05. Full green: p<0:0008 (adjusted significance threshold).
The last two columns show the effect size d and the mean M of each exercise when compared to the measurement-only control.
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from mindful breathing than diaphragmatic breathing. It is
possible that our participants were on average more spiritual
than those of Hunt et al. [45] (we did notmeasure this), causing
this discrepancy. Alternatively, it might be that the way Hunt
et al. [45] introduced the mindful breathing exercise, empha-
sizing its thousands of years long tradition, increased engage-
ment in their more spiritual participants, or decreased
engagement in their less spiritual participants, or both. We
did not emphasize tradition in the introduction of this exercise.
Interestingly, the three exercises involving exposure to thoughts
or bodily sensations of anxiety (d [95% CI]= 0.9 [0.6; 1.2], 0.9
[0.6; 1.2], 1.2 [0.9; 1.5]), had larger positive effects than dia-
phragmatic breathing (d [95% CI]= 0.6 [0.3; 0.9]), despite the
former being more long-term oriented and the latter being a
relaxation exercise focused on the immediate term. The size of
the effect of diaphragmatic breathing on anxiety in the present
study is in line with that of a recent meta-analysis [46].

It seems intuitive that progressive muscle relaxation and
the guided imagery exercise were among the most effective
exercises, as they are relaxation exercises. Similarly, it was to
be expected that immediate positive effects would be achieved
by the positive-focused exercises gratitude practice and positive
expressive writing. Relaxation exercises and the positive-
focused exercises have previously been found to have positive
immediate effects (e.g., [18, 47]). It might seem less obvious that
cognitive restructuring and even exercises involving exposure
would reduce immediate anxiety, as these methods are more
focused on long-term outcomes. It is encouraging that they did,
seeing as there is strong evidence that they are important meth-
ods for long-term improvement in anxiety. Future research
could explore the differences between these exercises further.

Our study is not without limitations. The control condi-
tions were controlled mainly for time and measurement (mea-
surement-only control) and attention (reading control). They
likely produced lower treatment expectations than the psycho-
therapeutic exercises. Providing interventions that mimic psy-
chotherapeutic exercises and produce high treatment
expectations without including psychologically active ingredi-
ents other than treatment expectation is a challenge. This limi-
tation affects the comparison between exercises and control
conditions but not between exercises. Another limitation is
that the study design was focused on immediate effects, thus
limiting our understanding of the duration of the effects. We
expect the exercises to have long-term positive effects, espe-
cially when performed regularly, because they employ techni-
ques known to have long-term positive effects. However, to
what extent this is true for these specific exercises and how
exactly the effects evolve and compare over time needs more
research. The participants in this study were recruited through
the platform Positly (which uses Amazon Mechanical Turk
adding additional quality control features on top to reduce
inattentive participants and spammers—for details see the sec-
tion on participants). These participants were likely less intrin-
sically interested in the exercises and thus might have put less
effort into them than app users would, which might mean the
effects in the real world are larger than in the study. The gen-
eralisability of the findings might be affected by limiting parti-
cipants to the United States and by possible self-selection of

participants being tech-savvy enough to be on Positly and being
interested in taking part in the study.

In conclusion, our findings suggest that the 12 app-based
exercises we examined had in some cases medium and in most
cases large immediate positive effects on anxiety. Effect sizes
differed substantially between exercises, including between
exercises of the same category. Mindfulness exercises tended
to have a larger positive effect than cognitive restructuring
exercises. Typical relaxation exercises were not in all cases
more effective than exercises that included exposure to
anxiety-related thoughts and bodily sensations. Future research
could compare the effectiveness of the exercises over time and
across different populations.
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