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Summary 

Spatial abilities play an important role in everyday life, as they are essential for 

understanding and interacting with our surroundings like navigation or handling tools 

(Newcombe & Shipley, 2015). They are also linked to success in STEM fields, such as 

mathematics (Xie et al., 2020). One of the spatial abilities is mental rotation, which can be 

described as the cognitive ability to visualize and compare rotated objects in the mind. Mental 

rotation is an important skill and a necessity in various high-paying occupations, such as surgery, 

architecture, or engineering. Due to a persisting gender gap in STEM, the underlying reasons for 

sex differences in mental rotation performance continue to be an important research subject. 

With regard to the gender gap, possible influencing factors like gender stereotypes and resulting 

stereotype threats are investigated. Furthermore, methods to ameliorate their negative effects are 

progressively developed and researched. A promising method derives from embodied cognition. 

Embodiment effects have been shown to improve cognitive performance (e.g., Rahe & Jansen, 

2023) and to counter the negative influence of stereotype threats (Weger et al., 2012). They can 

be elicited via integrated aspects of a cognitive test itself (e.g., stimuli; Campbell et al., 2018) or 

via separate interventions (e.g., mindfulness; Rahe & Jansen, 2023). These possibilities are 

explored in this thesis. 

Over the course of three studies, we investigated the effects of embodiment—via 

embodied stimuli and embodied mindfulness—and stereotype threat on chronometric mental 

rotation task performance and cognitive load. Possible sex differences were also included. In the 

first study, we analyzed mental rotation task performance with three types of stimuli that had 

different levels of embodiment, and gender. Here, pupillometric measurements were taken with 

eye-tracking technology to analyze cognitive load. In the second study, the effects of a 20-minute 

embodied focused attention mindfulness meditation were analyzed. The meditation and a control 

treatment, and gender were investigated regarding mental rotation performance and subjective 
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cognitive effort. In the third study, we used a shorter embodied focused attention mindfulness 

meditation than in the second study, and combined it with explicit stereotype threat applied 

through auditory induction. All conditions and gender were investigated regarding mental 

rotation performance and pupillometric measurements of cognitive load. 

In total, the studies provided evidence that the effects elicited by embodied test stimuli as 

well as one-time mindfulness interventions affected men and women similarly in their behavioral 

performance and cognitive load. Regarding these variables, the thesis‘s findings also indicate that 

one brief mindfulness intervention may not be enough to induce significant embodiment effects. 

With the addition of a stereotype threat induction, the results of the third study indicate that, 

generally, higher levels of state mindfulness could prevent stereotype threat to influence cognitive 

performance. Lastly, the first study shows that the mental rotation of embodied figures is easier 

to process and needs less cognitive effort to solve the task. 

In conclusion, this thesis provides new insights about possibly beneficial aspects of 

embodied cognition and mindfulness on mental rotation ability and cognitive load, and addresses 

sex differences and the influence of stereotype threat. The results may improve and inspire future 

research, and the discussion may highlight the practical importance due to the connection 

between mental rotation, mathematical abilities, and employment in the STEM fields. 
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1 Preface 

In cognition, spatial abilities are an important set of skills that involve the mental 

representation and transformation of visual information such as objects or shapes, and the 

relationships between them. Apart from being important in everyday life, they seem to have a 

close connection to general intelligence. Spatial ability performance is a strong predictor of 

success in academic and professional areas of Science, Technology, Engineering, and 

Mathematics disciplines. As one of the spatial abilities, mental rotation is a skill that is used very 

often, for instance, when interpreting a map or when trying to figure out how a piece of luggage 

would fit best into a fixed space in a car. In some forms of mental rotation tasks, there is a well-

established sex difference in favor of men over women. As mental rotation competence is a 

necessity in various high-paying occupations, such as surgery, architecture, or engineering, the 

underlying reasons for possible sex differences in mental rotation performance continue to be an 

important research subject. 

Mental rotation can be described as the cognitive ability to visualize and compare rotated 

objects in the mind. This involves the ―ability to imagine how an object that has been seen from 

one perspective would look if it were rotated in space into a new orientation and viewed from the 

new perspective‖ (Johnson & Moore, 2020, p.1). Since the seminal study of R.N. Shepard and 

Metzler in 1971, mental rotation has been increasingly investigated in thousands of studies. This 

interest is also not subsiding, as mental rotation research has still many open questions to answer. 

These can range from general cognitive insights to practical applications, such as the intention to 

mitigate gender differences, which could eventually lead to gender equality and equity. 

Therefore, the analysis of sex differences in spatial abilities is an important topic. Various 

possible factors have been identified and analyzed in mental rotation experiments. They can 

range from factors related to biological sex to social factors related to gender. One of the latter 

are gender stereotypes and corresponding stereotype threats. For that reason, the possibilities to 
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circumvent the negative effects of such stereotypes are important to investigate and develop. One 

promising candidate could be different forms of meditation practices, such as focused attention 

meditation. Here, the mind directs and maintains focus on one specific object (e.g., breath) over a 

defined time period to decrease mind wandering and to increase attentional control. The effects 

of such meditation practices are closely connected to embodiment. Embodiment can be 

described as the idea that cognitive processes are grounded in the organism‘s sensory and motor 

experiences through bodily interactions with the world, which lead to direct effects of bodily 

experiences on the mind (Barsalou, 2008). As indicated, embodiment can have an influence 

through treatments, but it can also be encompassed by parts of a test itself, such as the test 

stimuli. Both aspects can be analyzed via a biological marker—the measurement of pupil size—

that can give insight into cognitive changes evoked by embodiment and might provide new 

information regarding the genders. As demonstrated, sex and gender differences in mental 

rotation performance, embodiment and embodied mindfulness, and stereotype threat are 

connected. This thesis attempts to contribute to our understanding of the mental rotation ability 

by investigating these three aspects. 
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2 Theoretical Background and State of Research 

The following section introduces spatial abilities in general and mental rotation more 

specifically. It will further introduce possible influence factors regarding mental rotation 

performance. Finally, the connection of mental rotation and cognitive effort will be presented. 

2.1 Spatial Abilities 

A specific class of cognitive abilities is spatial abilities. In everyday activities, spatial 

abilities play an important role like in tool use and navigation (Newcombe & Shipley, 2015). 

Research indicates that spatial abilities predict achievement and attainment in science, technology, 

engineering, and mathematics (STEM) disciplines (Humphreys et al., 1993; Shea et al., 2001; Wai 

et al., 2009; Xie et al., 2020). For instance, spatial abilities play an important role for adolescents‘ 

choice of advanced education in STEM subjects (Wai et al., 2009). 

McGrew (2009) defined spatial ability as the ability to generate, store, retrieve, and 

transform visual information. Linn and Petersen (1985) tried to classify spatial abilities into three 

parts: spatial perception, spatial visualization, and a separate category for mental rotation. Other 

authors added more (sub-)categories such as spatial orientation or perceptual speed and proposed 

different titles for the same or similar categories (see Harle & Towns, 2011; Yilmaz, 2017). 

However, the definition of and distinction between these groups was not completely clear 

(Hegarty & Waller, 2005; Kozhevnikov & Hegarty, 2001; Xie et al., 2020). As a consequence, 

Newcombe and Shipley (2015), and Uttal et al. (2013) proposed to distinguish between 

fundamental task characteristics and differentiated spatial abilities according to two dimensions: 

intrinsic versus extrinsic and static versus dynamic. Intrinsic spatial information describes the 

spatial properties of an object and its parts, whereas extrinsic information describes an object 

regarding its location in relation to a frame or reference, and to other objects. The second 

dimension differentiates between static and dynamic tasks, that is, whether the object or objects 
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are being moved and change their position or orientation, either in physical actuality or through 

mental simulation (Newcombe & Shipley, 2015; Uttal et al., 2013; Xie et al., 2020). 

Within this framework, intrinsic-dynamic tasks require a mental transformation of the 

spatial coding of an object, such as a rotation in the Mental Rotation Test (R. N. Shepard & 

Metzler, 1971; Vandenberg & Kuse, 1978) or Cards Rotation Test (French et al., 1963). Other 

tests can include cross-sectioning, folding, and plastic deformations. In contrast, intrinsic-static 

tasks involve the identification of objects as members of categories, or the perception of objects 

amidst distracting information (Newcombe & Shipley, 2015). This applies, for example, in the 

embedded figures task, where one has to identify simple figures that are embedded in more 

complex figures (Witkin, 1971). In extrinsic-dynamic tasks, participants have to visualize a whole 

environment from a different position (Uttal et al., 2013). One example is Piaget's Three 

Mountains Task (Piaget & Inhedlerl, 1969). In this test, participants view a landscape on a table 

and have to choose the picture that most resembles this landscape, but from the point of view of 

the experimenter seated on the other side of it. Lastly, extrinsic-static tasks require the 

understanding of abstract spatial principles independent of the object in question such as the Rod 

and Frame Test, where a rod inside a tilted frame has to be considered with regard to its 

alignment with verticality (see Witkin & Asch, 1948; Zoccolotti et al., 1993). 

This proposed 2x2 classification of Newcombe and Shipley (2015), and Uttal et al. (2013) 

was later questioned by Mix et al. (2018), in particular the dynamic-static dimension. In their 

confirmatory factor analysis, this dimension was not valid in three samples of spatial performance 

of kindergarten, third grade, and sixth grade students. In their review, Buckley et al. (2018) 

categorized dynamic spatial abilities into temporal processing, cognitive action, and moving 

stimuli. The latter defined that the stimulus within the spatial task is moving. Thus, tasks like 

mental rotation, paper folding, and block design should be considered to require intrinsic-static 

spatial abilities, opposed to their aforementioned intrinsic-dynamic categorization (Buckley et al., 

2018; Xie et al., 2020). They further identified the additional category of visual-spatial memory, 
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but also emphasized the necessity for further investigation of the distinction of static and 

dynamic spatial abilities. 

Although a final definition and classification of spatial abilities has yet to be determined, 

they are already intensely studied for their practical implications, especially for being an important 

predictor of STEM performance (Buckley et al., 2018; Shea et al., 2001; Wai et al., 2009, 2010). 

For instance, they are related to specific abilities like problem solving (Geary et al., 2000) and 

mathematical ability (Xie et al., 2020). This relationship between mathematical and spatial ability 

is not linear, and applies for all categories defined by Uttal et al. (2013) and the additional 

category of visual-spatial memory (Xie et al., 2020). Uttal et al. (2013) pointed out that 

educational endeavors focus on reading and science, which both influence personal achievement. 

They also emphasized that the lack of training of basic skills like spatial thinking is a missed 

opportunity, as these skills are malleable and can underlie performance in various areas, especially 

STEM performance in particular (e.g., chemistry, Wu & Shah, 2004; or physics, Kozhevnikov et 

al., 2007), and in general (Gilbert, 2005), like reasoning about scientific diagrams (Stieff, 2007; 

Uttal et al., 2013). Therefore, while still missing definite classifications, spatial abilities are an 

important field in cognitive and developmental research. 

2.2 Mental Rotation Ability 

Mental rotation is a spatial ability, which is also strongly connected to performance, 

success, and education in STEM fields (e.g., Hausmann, 2014; Moè, 2016; Moè et al., 2018). For 

instance, it is required for mathematics (Hegarty & Kozhevnikov, 1999; Xie et al., 2020), problem 

solving (Geary et al., 2000), and science (Peters, Chisholm, et al., 1995). The term describes the 

cognitive ability to mentally rotate two- or three-dimensional objects or images fast and 

accurately (Linn & Petersen, 1985; Shepard & Metzler, 1971). In other words, it is the ability to 

imagine how an object would look like, if it were rotated from its original position. This means, 

spatial information can be represented mentally and then pivoted around all spatial axes (Shepard 

& Metzler, 1971). 
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Mental rotation is defined as an intrinsic-dynamic spatial ability, according to the 

classification of Uttal et al. (2013). Buckley et al. (2018) argued that it could also involve intrinsic-

static spatial ability, as the stimuli are not moving. Furthermore, additional factors might be 

involved; for instance, within these tests, perspective taking seems to take place simultaneously 

with mental rotation strategies (Hegarty, 2018; Hegarty & Waller, 2004). Additionally, apart from 

the mental rotation process itself, mental rotation is a complex cognitive task that is processed in 

various stages. Heil and Rolke (2002) describe the perceptual stages (perceptual processing, 

identification and discrimination of stimuli, identification of orientation), stages of the rotation 

process itself (mental rotation, judgment of parity), and decision processing stages (response 

selection, execution) (see also R. N. Shepard & Cooper, 1986). To complete these stages, another 

necessary factor for mental rotation tasks is the visual working memory as storage of object 

representations (Hyun & Luck, 2007), which is addressed in more detail in Section 2.9.3. 

2.3 Object-Based Versus Egocentric Transformations 

Two mental rotation tasks are often used: an object-based or egocentric mental rotation. 

Both transformation types are connected to different cognitive processes. In object-based 

transformations, the observer‘s position remains fixed, and the object is rotated mentally in 

relation to the surrounding environment. For egocentric transformations, the observer is tasked 

to change their own perspective by an imaginary rotation of their own body (i.e., mentally rotate 

his own body relative to the object) (Voyer et al., 2017; Zacks et al., 2000). 

Both transformations are normally represented by different tests. In an object-based 

transformation task, the participants have to decide whether two objects, which are rotated to 

each other, are mirror reversed to each other (then they are called ―different‖) or not (then they 

are called ―same‖). In an egocentric transformation—for example, using human figures with 

raised arms (or hand pictures)—participants have to determine if it is the left or right arm (hand).  
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Unfortunately, egocentric and object-based mental rotation tasks confound the stimulus 

type (embodied versus non-embodied) and task instruction type (egocentric versus object-based). 

However, it has been demonstrated that not the type of stimuli but the kind of instruction 

(left/right vs. mirrored/non-mirrored) determined, if an egocentric or object-based 

transformation is evoked (Voyer et al., 2017). The two instruction types also reveal different test 

results (Voyer et al., 2017; Zacks et al., 2000). Because of these instruction differences, while 

being defined as egocentric mental rotation tests, egocentric tests are thus in separate categories 

in the classification of spatial abilities by Uttal et al. (2013) and Buckley et al. (2018) than object-

based mental rotation tests. Therefore, in everything that follows, the main focus is on object-

based mental rotation transformations. 

2.4 Object-Based Mental Rotation Tests 

To assess mental rotation performance, two types of  mental rotation tests are commonly 

used. Chronometric tests (see Figure 1, top) are based on the seminal study of  R. N. Shepard and 

Metzler (1971). Two objects are presented that are either the same (rotated) or different 

(mirrored). Psychometric tests (see Figure 1, bottom) are based on the study of  Vandenberg and 

Kuse (1978). Here, one target object is compared to four alternatives. Two are the same (rotated) 

and the other two are different (mirrored or structurally different). 

  



Theoretical Background and State of Research 19 

 

Figure 1 

Examples of Trials of Chronometric (Top) and Psychometric (Bottom) Mental Rotation Tests. 

 

Note. Abstract cube figures developed by Amorim et al. (2006); reprinted and adapted with 

permission by Michel-Ange Amorim. 

 

2.4.1 Chronometric Tests 

Chronometric mental rotation tests typically present two figures to the participants. These 

figures are either two-dimensional stimuli or three-dimensional stimuli rendered as two-

dimensional images. Being instructed to be fast and accurate, participants have to determine, 

whether the figures are the same (i.e., one can be transformed into the other via a rotation) or 

different (i.e., mirrored, and neither can be transformed into the other via a rotation). For every 

item, the reaction time and the correctness of the answer are recorded, which can give insight 

into the cognitive process of each task. In their seminal study, Shepard and Metzler (1971) 

described that with abstract cube figures and object-based instructions, reaction times increase in 

a linear manner as a function of angular disparity. Mean reaction times increased from about one 

second with no rotation up to values between four and six seconds at 180° angular disparity for 
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correctly answered non-mirrored pairs of cube figures. Later research has shown similar results 

with not always as perfect linear relationships. The relationship still illustrates that participants 

continuously rotate the presented objects in their mind with a more or less constant rotation 

velocity, which can be depicted by the linear slope of a time over angular disparity graph. At 0° 

angular disparity, the intercept of this graph depicts the necessary time to process two identical 

figures without rotation (Heil & Rolke, 2002). The relationship between error rates and angular 

disparity follows a weaker but somewhat similar pattern like reaction times with a constant and 

approximately linear increase of error rates with increasing rotation angles. 

Although rotation speed seems to be directly linked to the rotation angle, the linear 

dependency of the accuracy rates cannot be easily explained similarly. Hyun and Luck (2007) 

proposed that during manipulations (even spatial transformations), visual form information is 

stored in the object memory system while being manipulated, instead of the spatial memory 

system. Hence, the mental representation of the rotation might interfere with storing the 

representation in the working memory (Jost, 2022). While being instructed to rotate as fast and 

accurately as possible, participants could still favor a speed-accuracy trade-off, that is, taking 

longer to solve more accurately. However, the effect illustrated by accuracy and speed-accuracy 

curves ensures that slower reaction times are not caused by speed-accuracy trade-offs (Carpenter 

et al., 1999; Hyun & Luck, 2007). To analyze the reaction times, chronometric mental rotation 

tests only include tasks with correct answers. This is usually done in cognitive tests measuring 

reaction times, as it is unknown why an error occurred in wrongly answered tasks. Consequently, 

the necessary amount of items presented to each participant increases to ensure that for each 

group, sufficient data are available, preserving statistical power. 

For the stimulus items, three-dimensional cube figures are the most used ones. They were 

made popular by the seminal study of R. N. Shepard and Metzler (1971). The amount and 

organization of the connected cubes have been modified by scientists over the years. Peters and 
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Battista (2008) later created a comprehensive library of 28032 cube figures as a material pool for 

standardized stimuli, which has been widely used. 

Since the early studies with chronometric mental rotation tests, the analysis of reaction 

time and accuracy data consists of a methodological problem. As mirrored figures cannot be 

brought into congruence, they are typically excluded from analysis (Jolicœur et al., 1985; R. N. 

Shepard & Metzler, 1971). As the tests usually consist of equally numbered mirrored and non-

mirrored tests, this applies to half of the tasks. Their discarding means losing valuable research 

time as well as a noticeable amount of power (Brysbaert & Stevens, 2018). Additionally, the 

analysis of accuracy with only non-mirrored stimuli does not take into account false alarms and 

correct rejects, which might lead to different patterns than hits and misses (Jost & Jansen, 2020). 

By incorporating false alarms, it is possible to analyze sensitivity instead of accuracy (Stanislaw & 

Todorov, 1999). However, as false alarms would only occur with mirrored figures, they would 

not be congruent, and thus could not be matched to definite angles of rotation. That means they 

would only suffice for global analyzes of sensitivities (Jost & Jansen, 2020). To counteract the 

necessity to exclude half of the trials, Jost and Jansen (2020) proposed a new approach to analyze 

chronometric mental rotation tests. In their novel paradigm, they present three figures, with two 

being the base figures that are mirrored to each other, and one being the stimulus figure that is a 

rotated version of one of the former. Instead of the same/different decision making task from 

the typical tasks with two figures, participants are asked to find out, if the stimulus figure can be 

rotated into congruence with one or the other base figure. This only applies to one of these, and 

the rotation into congruence is therefore independent of stimulus orientation (Jost & Jansen, 

2020). The study showed similar results like the Shepard and Metzler (1971) design, and was 

deemed applicable for measuring the mental rotation ability. The authors point out that it cannot 

yet be inferred by looking at the behavioral data alone whether similar strategies (e.g., actual 

mental rotation process) are applied like in the original design to solve the task. In accordance 
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with Brysbaert and Stevens (2018), their results showed an increase of power for their design 

(Jost & Jansen, 2020). 

2.4.2 Psychometric Tests 

Vandenberg and Kuse (1978) developed the psychometric tests as paper and pencil tests 

by using similar cube figures as the chronometric tests. Their main advantage was the quick and 

simultaneous assessment of large subject groups. Here, a target object (normally placed on the 

left) has to be compared to four alternative objects. Two of these are rotated (but the same 

figure) and the other two are different (mirrored or structurally different figures). Test subjects 

have to select the two rotated figures in every trial. Peters, Laeng, et al. (1995) later created the 

most used versions to date, in which participants have to solve two sets of twelve tasks preceded 

by three practice trials. Each block of twelve tasks has to be completed within three minutes, 

while unanswered trials are considered as wrong answers. To reduce the impact of guessing items 

correctly, the test only credits one point per trial, when both correct alternatives are selected 

(Peters, Laeng, et al., 1995). 

2.5 Sex Differences in Mental Rotation Test Performance 

One important matter in mental rotation research is the potential existence of sex 

differences. The performance differences in psychometric mental rotation tests favoring men are 

one of the largest sex differences observed in cognitive psychology (Halpern, 1989, 2012; Voyer 

et al., 1995). Meta-analyses found sex differences in favor of boys and males throughout various 

developmental stages, that is, in childhood (Lauer et al., 2019), adolescence (Lauer et al., 2019; 

Voyer, 1995), and adulthood (Voyer et al., 1995). For that reason, a lot of research has been 

conducted to analyze the differences in spatial abilities and their connection to STEM 

performance, but definite causes are yet to be determined. In contrast to the more stable 

differences in psychometric tests, regarding the behavioral aspects, there is a continuous 

discussion about whether and how sex influences the performance in chronometric mental 
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rotation tests. Here, differences are smaller and mostly non-significant, or emerge only in subtests 

or for specific stimuli (Jansen-Osmann & Heil, 2007; Peters & Battista, 2008; Rahe & Jansen, 

2022). Overall, the various versions of mental rotation tests correlate in terms of performance, 

but their differing results regarding sex differences cannot be extensively explained, yet (Voyer et 

al., 2006). 

However, if sex and/or gender differences appear, several explanation possibilities arise. 

These are biological factors, for instance, genetics (Quinn & Liben, 2014), sex hormone levels, 

menstrual cycle, sexual orientation (Alexander & Son, 2007; Grimshaw et al., 1995; Hausmann et 

al., 2000, 2009; Peters, Chisholm, et al., 1995; Peters et al., 2007), task performance mechanisms 

(e.g., rotational axis or time limit in tests; Gauthier et al., 2002; Peters, 2005; Voyer, 2011), or 

sociocultural factors like spatial toys choice and stimulus familiarity, socioeconomic factors, 

attending a single-sex school, or also gender stereotypes/stereotype threat (Baenninger & 

Newcombe, 1989; Hausmann et al., 2009; Heil et al., 2012; Moè & Pazzaglia, 2006; Rahe & 

Jansen, 2022, 2023; Ruthsatz et al., 2014, 2015, 2017; Steele & Aronson, 1995; Titze et al., 2011). 

Regarding the latter, it is also not clear, if performance differences stem from gender 

identification (social factor) or sex (biological factor). Research indicates differences related to 

both. Furthermore, the mental rotation performance of girls could be influenced by the 

preference for soccer over dancing (Pietsch et al., 2019), or exposure to mothers‘ spatial language 

use (Ralph et al., 2021; see Rahe & Jansen, 2022). Other possible factors are education and 

academic background (Moè et al., 2018; Peters, Chisholm, et al., 1995; Peters et al., 2007), and 

strategy selection (Hegarty, 2018; Heil & Jansen-Osmann, 2008; Nazareth et al., 2019; Voyer et 

al., 2020). Moè et al. (2018) found an effect of the use of spatial toys on mental rotation, with 

women of STEM degrees showing better performance, if they preferred spatial toys during their 

childhood. Similarly, Voyer et al. (2000) reported better mental rotation results for those of both 

genders, who had preferred spatial toys during their childhood. In the following sections 
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regarding different influences on mental rotation performance, more information about possible 

sex differences within and between these will be provided. 

2.6 Stereotype Threat in Spatial Tasks 

Stereotype threat derives from gender stereotypes, which can be described as social 

phenomena that represent the beliefs about the characteristics of females and males (Rahe & 

Jansen, 2023). Stereotype threat can be defined as the ―the risk of confirming, as self-

characteristic, a negative stereotype about one‘s group‖ (Steele & Aronson, 1995, p. 797). This 

can lead to a disruptive state (by triggering disruptive mental load) that undermines the 

performance in this specific domain, for example, in cognitive tests (Croizet et al., 2004; Spencer 

et al., 2016). In their meta-analysis, Doyle and Voyer (2016) found a significant effect of 

stereotype threat on women‘s performance for math, but not for spatial tasks. They pointed out 

that stereotype manipulation might not be as effective when a stereotype is not widely accepted 

already. Aronson and McGlone (2009) also described that the experience of a stereotype threat 

can only start with the awareness that one is a member of a negatively stereotyped group. 

Stereotype threat can be measured implicitly by its effect on the dependent variables (e.g., Weger 

et al., 2012) or explicitly by using manipulation questionnaires with Likert-type scales (e.g., 

Neuburger et al., 2015; Pennington et al., 2019). As the counterpart to stereotype threat, 

stereotype lift means that for an individual, the own group is assumed to perform better in a 

certain topic (Walton & Cohen, 2003). For instance, females showed better results in spatial tasks 

that were manipulated with a stereotype lift (Doyle & Voyer, 2016).  

Mental rotation performance can be influenced by these effects on several levels. 

Regarding gender differences in mental rotation and spatial abilities in general, stereotype threat 

and lift effects can be activated either directly by instructing the participants that one gender 

would outperform the other one (Heil et al., 2012), or indirectly by instructing participants to 

decide which gender would more likely outperform the other one in specific tasks (Hausmann et 

al., 2009), and by using gender-stereotyped material in the task (Rahe & Jansen, 2022; Rahe et al., 
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2021; Ruthsatz et al., 2017). In mental rotation, the stimuli themselves could often be regarded as 

more male stereotyped. Generally, spatial abilities are considered to be more male stereotyped, 

which might also be related to the STEM field interests (e.g., Law et al., 2021; Makarova et al., 

2019). By using stereotyped objects in mental rotation tasks (e.g., dolls and cars), Ruthsatz et al. 

(2017) found a significant interaction between the gender and object type (female and male 

stereotyped) of children in the fourth grade, where male stimuli were more familiar to boys than 

female stimuli and vice versa. Investigating adults, Rahe et al. (2021) reported a significant 

interaction of gender and stereotyped material, with a significant gender differences for male 

stereotyped stimuli. In their other study, they used abstract cube figures and pellet figures (similar 

in shape, but replacing the cubes with round pellets) that were rotated in depth. For the cube 

figures, men showed better performance than women, but no interaction of gender and material 

was found (Rahe et al., 2021). 

A lot of studies applied stereotype threat conditions via instructions—by telling 

participants that one gender outperforms the other—to measure their effects on mental rotation 

tasks performance and reported significant effects (e.g., Heil et al., 2012; Moè & Pazzaglia, 2006), 

and also investigated possibilities to reduce or prevent their influence (e.g., Hausmann, 2014; 

Martens et al., 2006). Moè and Pazzaglia (2006) showed that by inducing gender beliefs artificially, 

mental rotation task performance was affected. For both genders, the performance increased due 

to stressing the participants‘ own gender superiority and decreased by stressing the opposite 

gender superiority. By applying the same scoring method, these results were replicated by Heil et 

al. (2012). In their further analysis, they reported women performing according to gender belief 

induction, but their guessing behavior (willingness of guessing analyzed by comparing a liberal 

and conservative scoring method of a psychometric mental rotation test) was not affected. Men 

showed the opposite results, that is, their performance was unaffected, but the guessing behavior 

was in line with gender belief induction (Heil et al., 2012). In another study, Hausmann (2014) 

found female art students to be more susceptible to the influence of a threat condition than 
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female science students. They concluded that being confident in one‘s own abilities is a better 

predictor of mental rotation performance than how one perceives a stereotype about the own 

gender. Furthermore, Martens et al. (2006) showed that by raising the awareness of females 

toward their positive characteristics and values would result in a lower impact of the negative 

effects through the stereotype threat. Lastly, stereotype threat activation only produced negative 

effects in women with feminine gender role identification (Tempel & Neumann, 2016). Rahe and 

Jansen (2023) summarized that having stronger beliefs about one‘s ability reduces the effects of 

an applied stereotype threat, and that the intended effects by this threat may generally not be 

consistent. They also pointed out that the mentioned beliefs could be improved by training of 

spatial activities. In several studies, spatial and motivational training improved the mental rotation 

task performance in women (e.g., Meneghetti et al., 2016; Moè, 2021; Neubauer et al., 2010; 

Sorby, 2009; see Rahe & Jansen, 2023). One possibility to change the beliefs in the own ability 

and a way to mitigate the effects of stereotype threat is the practice of mindfulness. In the 

upcoming sections, mindfulness will be introduced, and the effects of brief one-time 

interventions will be a major focus in Study 2 and Study 3 (here also in interaction with 

stereotype threat) of this thesis. Mindfulness involves effects on the body that derive from the 

embodied cognition approach. The following section will introduce embodiment, and later 

sections will cover the connection between embodiment and mindfulness and its effects on 

mental rotation performance. 

2.7 Embodiment in Mental Rotation 

2.7.1 Embodied Cognition 

Embodiment theory emerged as a conceptual framework to understand the mind 

(Niedenthal et al., 2005). Before, traditional views on cognition were to assume that all individuals 

observe and represent the world in abstract symbols that they manipulate during a thinking 

process (Michalak et al., 2012). Opposed to this, Lakoff and Johnson (1999) described the brain 
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taking input from the rest of the body. The idea is that cognitive processes are grounded in the 

organism‘s sensory and motor experiences through bodily interactions with the world, which lead 

to direct effects of bodily experiences on the mind (Barsalou, 2008). Therefore, embodiment is 

described as an essential part to explain the performance in cognitive tasks. The capability to 

skillfully adapt to varying circumstances (in sports, e.g., opponent‘s skill level, wet ground, wind) 

demonstrates the role of the body to include knowledge about the world (Khoury et al., 2017). 

An increasing amount of studies suggest that the body has an influence on perception and 

cognition (Chandler & Schwarz 2009; Jostmann et al., 2009; Natanzon & Ferguson, 2012; see 

Khoury et al., 2017). Wilson and Golonka (2013) further postulate that embodiment is an even 

more ―radical hypothesis‖ (p. 1), and that the brain is not our only cognitive resource for 

problem solving. They elaborate that ―our bodies and their perceptually guided motions through 

the world do much of the work required to achieve our goals, replacing the need for complex 

internal mental representations‖ (Wilson & Golonka, 2013, p. 1). Shapiro (2019) also reviewed 

the current state of embodied cognition and its future potential. However, he emphasized that 

embodied cognition could still be considered more as a ―research program than a well-defined 

theory‖ (Shapiro, 2019, p. 2). He further states: 

In sum, the ties between subject matter, ontological commitments, and 

methodology are, within embodied cognition, longer and looser than they are 

within standard cognitive science. Yet, this state of affairs is no reason to dismiss 

or disparage embodied cognition. Today‘s research program may be tomorrow‘s 

reigning paradigm. However, embodied cognition‘s status as a research program 

does invite special caution when considering claims that it might replace or 

supersede standard cognitive science. (Shapiro, 2019, p. 3) 

One way to go on with scientific endeavors is to focus on specific themes that are 

dominant in describing and illustrating embodied cognition, which offers a possibility to 

postpone the aforementioned ―hard questions‖, until more is understood (Shapiro, 2019). 
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According to Shapiro (2019), future research will have to determine what embodied cognition is 

trying to explain, and then, whether embodied cognition and standard cognitive science have the 

same subject matter. Depending on this, science has to determine, if competing explanations of 

subject matters arise, and if so, whether only one or both of them are worth to pursue (Shapiro, 

2019). 

2.7.2 Embodied Stimuli in Chronometric Mental Rotation Tasks 

An existing assumption is that pictures of abstract or non-human objects, like cube 

figures, are processed with an object-based mental transformation. In contrast, human body or 

body parts pictures are assumed to be embodied, and therefore, to be processed with an 

egocentric perspective-based mental transformation (Zacks & Tversky, 2005). However, as 

described in Section 2.3., the stimulus type (embodied versus non-embodied) and task 

instruction type (egocentric versus object-based) may get confounded. But it has been shown that 

not the type of stimuli but the kind of instruction (left/right vs. mirrored/non-mirrored) 

determined, if an egocentric or object-based transformation is evoked (Voyer et al., 2017). 

Based on the embodied cognition approach (see above, e.g., Lakoff & Johnson, 1999), 

mental rotation experiments use human body figures or body parts (e.g., pictures of hands) to 

evoke motor resonance processes, which would lead to better task performance by utilizing a 

sensorimotor simulation mechanism (e.g., Buccino et al., 2004; Calvo-Merino et al., 2005; Liuzza 

et al., 2012; Voyer & Jansen, 2016). This mechanism is also supported by behavioral and 

neuroimaging data indicating similar motor representations between observing, performing and 

mentally imagining an action (for reviews, see Decety, 2002; Dijkstra & Post, 2015). The findings 

of Amorim et al. (2006) indicate that the stimulus type is essential, due to increased familiarity, 

for instance, by adding a human head to cube figures. They further conclude that familiar 

postures would be easier to emulate than unfamiliar or atypical ones, eliciting embodied spatial 

transformations that facilitate task performance. 
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2.7.3 Behavioral Performance in Object-Based Transformations with Embodied Stimuli 

In their neuroimaging study, Jordan et al. (2001) compared the brain mechanism and the 

performance in 3D cube figures with abstract shapes and letters. On the behavioral level, cube 

figures showed longer reaction times than the other two stimulus types. Similar to the study of 

Shepard and Metzler (1971), reaction times increased as a function of angular disparity. This is in 

line with the study of Campbell et al. (2018), who conducted an experiment with object-based 

transformations using Shepard and Metzler (1971) cube figures as well as human hand images. 

For all angles of rotation, the reaction times were higher in cube figures than for pictures of 

hands as stimuli. 

As illustrated above, one important matter in mental rotation research is the potential 

existence of sex differences. Regarding the behavioral aspects, there is a continuous discussion 

about whether and how sex influences the performance in chronometric mental rotation tests, 

where the test is applied on a computer and reaction time and accuracy are measured (Jansen-

Osmann & Heil, 2007). If differences between men and women exist, they seem to be partially 

explained by task complexity and stimulus dimensionality. In three-dimensional tasks, men 

outperform women, whereas in two-dimensional tasks no such difference is observed (Roberts & 

Bell, 2003). This might indicate that possible sex differences are generally reduced when objects 

are easier to process, which would also apply to embodied objects. Whereas Amorim et al. (2006) 

reported the processing of embodied objects in general being easier than for abstract ones, they 

did not investigate sex differences. This result has been confirmed by one study of Voyer and 

Jansen (2016), who also examined sex differences. However, the stimulus type still showed a 

pronounced effect for males, that is, males performing more accurately than females, suggesting 

that the use of embodied stimuli does not particularly favor females to perform better. Campbell 

et al. (2018) reported contradicting results using cube figures and pictures of hands as stimuli. 

Their findings did not show any differences on the behavioral level for cube figures, but did 

show females outperforming males in the mental rotation of pictures of human hands. Those 
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studies demonstrate that the topic of sex differences in chronometric mental rotation tasks is still 

under discussion, and if they exist, the underlying mechanisms are not well understood. One 

possible explanation might be that females need more cognitive effort to solve object-based 

mental transformation tasks (Campbell et al., 2018). The mentioned effects and open questions 

were addressed in Study 1 by using abstract and embodied figures as mental rotation stimuli, 

including possible sex differences, and analyzing cognitive effort. Two measurements of cognitive 

effort are highlighted in Section 2.9 and form an important part of this thesis. 

2.8 Mindfulness in Mental Rotation 

2.8.1 Introduction to Mindfulness 

The term Mindfulness has become popular over the last decades, which reflects the 

growing interest in mindfulness as a concept (Khoury et al., 2017). Mindfulness forms part of a 

variety of practices in the field of ―meditation‖. Meditation techniques are often understood to 

try to elicit relaxation and, over a lengthy period of time, an increased sense of enduring 

happiness (Ekman et al., 2005) and well-being (Fischer, 1971; Lutz et al., 2008). However, this 

broad description can lead to problems in the attempt to scrutinize details of various meditation 

practices (Lutz et al., 2008). Lutz et al. (2007, 2008) proposed a more specific conceptualization 

describing meditation as ―a family of complex emotional and attentional regulatory strategies 

developed for various ends, including the cultivation of well-being and emotional balance‖ (Lutz 

et al., 2008, p. 163). These intended effects could be observed in a lot of controlled studies, which 

indicated a relationship between mindfulness meditation and improved mental health regarding 

various disorders, such as anxiety disorders (e.g., Hofmann et al., 2010; King et al., 2013), 

depression (e.g., Coelho et al., 2007; Hofmann et al., 2010), eating disorders (e.g., Kristeller et al., 

2006; Tapper et al., 2009), substance abuse (e.g., Bowen et al., 2006), and chronic pain-symptom 

reduction (Zeidan, Gordon, et al., 2010; for a review, see Wolkin, 2015).  



Theoretical Background and State of Research 31 

 

The two main conceptualizations of Mindfulness are the traditional Buddhist approach and 

the contemporary western approach. As the term is used broadly, various approaches among 

different scholars apply different meanings to the same word (for a review and an extensive list of 

definitions, see Khoury et al., 2017). Buddhist mindfulness incorporates observing the emotional 

and cognitive processes, so that the mind shall not wander or become consumed by the future or 

the past (Lama & Berzin, 1997; Khoury et al., 2017). A newer definition also refers to 

embodiment by describing the mind, body, and external world interacting with each other 

(Stanley, 2013). As Khoury et al. (2017) point out, Buddhist mindfulness has not been 

investigated in empirical studies yet, although some studies regarding the western-based approach 

implemented parts of the ethical and spiritual elements of Buddhist mindfulness (e.g., in Avants 

et al., 2005; Rapgay & Bystrisky, 2009). Still, more research is needed to validate this traditional 

Buddhist mindfulness conceptualization to determine its effectiveness (Khoury et al., 2017). 

Regarding the western conceptualizations of mindfulness, Jon Kabat-Zinn and colleagues (e.g., 

Kabat-Zinn, 1982, 1991, 1994, 2003; Kabat-Zinn et al., 1985, 1986; Williams & Kabat-Zinn, 

2011), as well as Ellen Langer and associates (e.g., Langer, 1989, 1997, 2009, 2011, 2012; Langer 

& Imber, 1979; Langer & Piper, 1987; Langer et al., 1978, 1989, 2009) developed two of the main 

approaches that are prominent nowadays. Based on the Buddhist approach, Kabat-Zinn 

described mindfulness-meditation as ―paying attention in a particular way: on purpose, in the 

present moment, and non-judgmentally‖ (1994, p. 4). Later, this became one of the most used 

definitions of western mindfulness-meditation in scientific literature, and was adapted, modified, 

and expanded by various authors, focusing on and including aspects like attention, awareness, 

intention, attitude, acceptance, and non-judgment (for a detailed review, see Khoury et al., 2017). 

Khoury et al. (2017) point out that ―directing attention‖ is overly prominent in all the definitions 

of mindfulness-meditation, and that it indicates the importance of self-regulation of attention to 

define and operationalize mindfulness. Over the following years, Kabat-Zinn developed different 

programs, which eventually led to the Mindfulness-Based Stress Reduction or MBSR. This protocol 
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consists of practices from Buddhism (e.g., breathing, sitting, eating meditation, body scanning, 

and gentle stretching) and also western psychological methods (e.g., psycho-education, group 

discussions, and individual support; Khoury et al., 2017). Throughout the MBSR program, the 

body-oriented practices (e.g., body scanning and mindful eating) are often used, and further 

recommended as part of the home exercises. These MBSR programs gained more and more 

popularity, and an increasing amount of studies were conducted using Kabat-Zinn‘s or adapted 

protocols (e.g., Mindfulness-Based Cognitive Therapy, MBCT; Grossman et al., 2004; Segal et al., 2013; 

see Khoury et al., 2017). Analyzing 20 recent systematic reviews and meta-analyses, Gotink et al. 

(2015) reported positive effects of MBSR and MBCT programs on symptoms of depression, 

anxiety, and stress. Although the exact treatment mechanisms are still not fully known, a lot of 

authors remark an effective role of attention and emotional regulation (e.g., Chiesa et al., 2013; 

Hofmann et al., 2012; Hölzel et al., 2011; Nielsen & Kaszniak, 2006; Teasdale et al., 1995; 

Wolkin, 2015; also see Khoury et al., 2017).  

Lutz et al. (2008) proposed a framework of operational definitions for meditative 

practices with the purpose that, within this framework, studies could examine the effects of 

meditation training on the mind and the brain. They focused on the meditation practices using 

Buddhist techniques and clinical secular derivatives (e.g., MBSR), and narrowed it down to two 

meditation styles: focused attention meditation and open monitoring meditation. Within one or 

over several sessions of training, these two meditation styles can also be combined (e.g., in the 

MBSR program).  

Focused attention meditation implies directing and sustaining the focus of attention on a 

chosen object. For this, three main skills are being honed to regulate attention: staying vigilant to 

distractions while maintaining the intended focus; being able to disengage from a distraction; and 

being able to quickly redirect the focus on the selected object. Meditation practice shows progress 

partially through the amount of effort needed to direct and maintain the intended focus (Lutz et 

al., 2008). Advanced meditators notice faster, when the mind starts to wander, which eventually 
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leads to a ―trait change, whereby the attention rests more readily and stably on the chosen focus. 

At the most advanced levels, the regulative skills are invoked less and less frequently, and the 

ability to sustain focus thus becomes progressively effortless.‖ (Lutz et al., 2008, p. 164). 

Open monitoring meditation describes a non-reactive monitoring of all experiences from 

moment to moment. For this, it uses and builds on the focused attention training, with a specific 

focus on developing the monitoring skill (Lutz et al., 2008). With practice, ―the effortful selection 

or grasping of an object as primary focus is gradually replaced by the effortless sustaining of an 

awareness without explicit selection‖ (Lutz et al., 2008, p. 164). In their review of the 

neuroscientific study of focused attention meditation, the authors also concluded that ―at least 

several subcomponents of attention are best regarded as the product of trainable skills, and that 

focused attention meditation represents a family of mental practices that are explicitly designed to 

train such attentional skills‖ (Lutz et al., 2008, p. 165). 

The concept of mindfulness by Langer et al. (1978) is different to the Buddhist 

conceptualizations and western derivatives. Langer‘s (1997) definition of mindfulness includes 

―being open to novelty, sensitive to context and perspective, challenging assumptions and 

predefined categories, and taking responsibility‖ (see Khoury et al., 2017, p. 1164). These 

definitions were later operationalized to define parts of Langer‘s concept like openness to 

novelty, flexible thinking, and cognitive reframing (Pagnini & Philips, 2015), with techniques such 

as ―noticing distinctions, multiple perspectives, or producing novelty‖ (Alexander et al., 1989; see 

Khoury et al., 2017, p. 1164). Research utilizing Langerian mindfulness treatments showed effects 

on problem solving (Ostafin & Kassman, 2012), learning (Langer et al., 1989), performance 

(Langer et al., 2009), creativity (Grant et al., 2004), attention, and cognitive flexibility (Levy et al., 

2001; for a review, see Khoury et al., 2017). 

Longer mindfulness meditation practices over several weeks lead to an improvement in 

attentional control (Lutz et al., 2008), but also a short meditation practice can impact cognitive 



Theoretical Background and State of Research 34 

 

control tasks in a different manner depending on the kind of the short meditation form (Colzato 

et al., 2016). A brief mindfulness induction is often a short single session of mindfulness, for 

instance, to eat a raisin mindfully (Schofield et al., 2015; Weger et al., 2012). 

To sum it up, the mechanisms of mindfulness can be described as the following: attention 

regulation (e.g., maintaining attention on a chosen object), emotion regulation (comprising 

aspects of reappraisal; exposure, extinction, or reconsolidation), body awareness (e.g., 

experiencing sensations of breathing and emotions), and a change in perspective (detachment 

from identification with a static sense of the self) (Hölzel et al., 2011; see Portele & Jansen, 2023). 

2.8.2 Mindfulness and Embodiment 

Within Buddhist mindfulness practices, the full awareness of all sensations occurring in 

every moment is a key element. The necessity to actively and intentionally direct attention to the 

processes of the body, feelings, mind, and phenomena defines this present moment awareness 

(Hart et al., 2013, Thera, 2005; see Khoury et al., 2017). Accordingly, mindfulness-meditation 

(Buddhist and western derivatives, such as focused attention meditation) can change formerly 

learned patterns of how the body, mind, and environment interact (Lutz et al., 2008; Wallace, 

1999; see Khoury et al., 2017). Neuroscientific research indicated that, compared to non-

meditation, MBSR training lead to higher activation levels in the brain regions, which are both 

related to interoceptive (e.g., insula) and exteroceptive (e.g., somatosensory cortex) body 

awareness (e.g., Chiesa et al., 2013; Hölzel et al., 2011; Lutz et al., 2008; see Khoury et al., 2017). 

In accordance to these findings are the descriptions of Niedenthal et al. (2005) of embodiment 

processes to be evident in both the peripheral (body-based) and central (modality-based) sense of 

the term embodiment. The brain‘s modality-specific systems include sensory systems (underlying 

perception), motor systems (underlying action), and introspective systems (underlying conscious 

experience of emotion, motivation, and cognitive operations). Furthermore, Varela and 

colleagues (e.g., Thompson & Varela, 2001; Varela et al., 1991) suggested consciousness to be 
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embodied through a two-way reciprocal relationship between body and brain. This also connects 

to Cauller (1995), who described in his review, that top-down corticocortical (i.e., connecting one 

cortex to the other) influences interact with bottom-up sensory feedback in the primary sensory 

areas, which are central to conscious processing. 

2.8.3 Measurements of Mindfulness 

Over the last decades, several measurements of mindfulness were developed. They are 

normally self-reported multi-dimensional scales and may include various aspects of mindfulness 

meditation, such as attention, awareness, present focus, and acceptance/non-judgment. They can 

also vary regarding the measures of state and trait mindfulness (see Kiken et al., 2015; Lutz et al., 

2008). Considering the embodied aspects in mindfulness meditation, Khoury et al. (2017) offered 

critique that western mindfulness-meditation scales often do not explicitly refer to the awareness 

of bodily sensations. For instance, they are not included in the often used Mindfulness Attention 

Awareness Scale (MAAS; Brown & Ryan 2003), which consists of 15 items with a 7-point scale, 

and is a self-report instrument measuring attention to and awareness across several areas of 

experience in daily life (e.g., cognitive, emotional, physical, and general). Scores of the MAAS 

strongly correlate with self-consciousness, rumination, and self-reflection. In other scales, body 

sensations are briefly mentioned, such as the Kentucky Inventory of Mindfulness Skills (KIMS; 

Baer et al., 2004), and even more so, in the State Mindfulness Scale (SMS; Tanay and Bernstein, 

2013). The SMS does include the awareness of bodily sensations, but does not refer to the body-

mind connection (see Khoury et al., 2017). 

In order to measure the effects of short mindfulness interventions, not all scales are 

suitable, as some are more focused on measuring the development throughout the length of 

mindfulness programs. For single bouts of mindfulness interventions, the Toronto Mindfulness 

Scale (TMS; Lau et al., 2006) offers a possible measurement tool. It is a 13-item scale that is 

structured in two factors (Curiosity, Decentering). It is uniquely state-oriented for use 
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immediately following a meditation experience, and has been validated in a number of clinical 

contexts (Lau et al., 2006; Davis et al., 2009). Lau et al. (2006) described the two factors as the 

following: 

The items of Factor 1 (Curiosity) reflect an attitude of wanting to learn more 

about one‘s experiences. The items of Factor 2 (Decentering) reflect a shift from 

identifying personally with thoughts and feelings to relating to one‘s experience in 

a wider field of awareness. (Lau et al., 2006, p. 1460-1461; see also Teasdale et al., 

2002) 

Regarding the aforementioned critique of Khoury et al. (2017), the TMS does also not 

include items referring specifically to the body mind connection. However, it offers the 

mentioned possibility to measure state mindfulness through focused attention meditation. 

2.8.4 Mindfulness in Combination with Stereotype Threat Induction 

An important research question is how potential stereotype threat effects can be reduced. 

In one study with a mathematical task, Weger et al. (2012) used a brief mindfulness intervention 

to possibly alleviate the effects of stereotype threat. 71 female psychology students (mean age = 

20.14 years, SD = 3.99) participated, who had to complete two mathematical tests with or 

without a mindfulness intervention, and with or without stereotype activation. The authors 

reported a significant main effect of a five-minute mindfulness intervention (eating two raisins) 

versus a control condition (F(1,67) = 5.61, p = .021, η2 = .077). The results also showed that 

performance decrements that typically occur under stereotype threat could be reversed after the 

short mindfulness induction. 

In line with Weger et al. (2012), Rahe and Jansen (2023) reported a significant effect of a 

five-minute mindfulness intervention (eating two candies) in their group of 152 adolescents (80 

boys, mean age = 16.59 years, SD = 0.780, and 72 girls, mean age = 16.25 years, SD = 0.904; 
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t(150) = 4.768, p < 0.001, d = 0.779) in their recent study with psychometric mental rotation 

tasks. However, they found no significant stereotype activation. 

To our best knowledge, only one study for chronometric mental rotation exists to date, 

where it was shown that participants of both sexes responded faster after mindful learning (Geng 

et al., 2011). With an overall sample of 32 students, they found significant performance 

improvements due to mindful learning with no significant differences between men and women. 

However, the study did not include a stereotype induction. 

Apart from the main effect of mindfulness mentioned above, Weger et al. (2012) reported 

an interesting interaction between stereotype threat and mindfulness intervention, that is, that the 

math performance was only ameliorated in a stereotype threat condition with a mindfulness 

induction before. The authors explained it with a disassociation of the cues linked to social 

comparison from their threatening value, which would lead to a reinterpretation of the threat 

because of the brief mindfulness intervention. At least three explanations for this result could be 

considered: One of them is that mindfulness could improve emotion regulation (Heppner et al., 

2008), which is debilitated by stereotype threat (Johns et al., 2008; see also Weger et al., 2012). 

Another explanation is that a short mindful induction influences working memory, which might 

be worsened in stereotype threat situations (e.g., Beilock et al., 2007). Furthermore, one can 

assume that stereotype threat takes up cognitive resources and increases cognitive effort. Lastly, 

mindfulness, emotion regulation, working memory, and stereotype threat could be linked 

together, as emotion regulation can influence working memory and vice versa (see Barkus, 2020; 

Groves et al., 2020). For these reasons, we wanted to investigate the effects of mindfulness on 

cognitive effort with and without stereotype threat induction. The next section addresses the 

possibilities to measure cognitive effort. 
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2.9 Measurements of Cognitive Effort 

2.9.1 Pupillometry as a Measure of Cognitive Effort 

Pupil dilation has been investigated since the 1960s (e.g., Hess & Polt, 1964; Kahneman 

& Beatty, 1966), but has become more popular again during the last two decades, thanks to 

advancements in computer and eye tracker technology (van der Wel & van Steenbergen, 2018). 

A large variety of cognitive processes can influence the eye‘s pupil size (for reviews, see 

Beatty & Lucero-Wagoner, 2000; Loewenfeld, 1958; Mathôt, 2018; van der Wel & van 

Steenbergen, 2018). Three mature types of stimuli can cause pupil size changes: constriction due 

to brightness (pupil light response), near fixation (pupil near response), and dilation due to an 

increase in cognitive activity like increased levels of arousal or mental effort (psychosensory pupil 

response; Mathôt, 2018). 

Regarding the pupillary light response, an increase of brightness leads to pupil 

constriction and even occurs, when the source of brightness is only imagined (Laeng & Sulutvedt, 

2014), covertly attended to (Binda et al., 2013; Mathôt et al., 2013; Naber et al., 2013; Unsworth 

& Robison, 2016), read about (Mathôt et al., 2017), or maintained in visual working memory 

(Hustá et al., 2019; Zokaei et al., 2019; see Mathôt & Vilotijević, 2022). The pupil near response 

involves a reflective constriction of the pupil in response to looking at a nearby object, and, vice 

versa, pupil dilation by looking at a far-away object. The psychosensory pupil responses include 

an orienting response (brief involuntary pupil dilation as a consequence of directing attention to 

something) and slower arousal- or mental-effort-related responses related to high-level cognition 

(Mathôt, 2018). Regarding the latter, Kahneman (1973) described an exercise to easily experience 

the connection between mental effort and pupil dilation: 

Face a mirror, look at your eyes and invent a mathematical problem, such as 81 

times 17. Try to solve the problem and watch your pupil at the same time, a rather 

difficult exercise in divided attention. After a few attempts, almost everyone is 
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able to observe the pupillary dilation that accompanies mental effort, in a situation 

which elicits neither overt responses nor test anxiety. (Kahneman, 1973, p. 24) 

In his review, Mathôt (2018) describes the neurological pathways related to pupil dilation. 

The iris sphincter muscle is innervated by the parasympathetic nervous system (the part of the 

autonomic nervous system that keeps the body in a stable condition), which is the reason why 

pupils are relatively small at rest. This muscle is also connected to the retina via the constriction 

pathway, which is a subcortical pathway and considered crucial for pupil constriction, that is, 

mainly through the pupil light response (Mathôt, 2018). Accordingly, its counterpart, the iris 

dilator muscle, is connected to the dilation pathway, which is controlled by the sympathetic 

nervous system (the part of the autonomic nervous system that is linked to arousal, wakefulness, 

and the fight-or-flight response). The dilation pathway is a subcortical pathway, which begins at 

the hypothalamus and the locus coeruleus, and connects to the iris dilator muscle (Mathôt, 2018). 

The locus coeruleus is active in an organism‘s aroused, awake, and alert state. The constriction 

and dilation pathways are generally distinct, but also interact in several ways. Most notably, the 

locus coeruleus inhibits the parasympathetic constriction pathway at the level of the Edinger-

Westphal nucleus (which receives input from the left and right pretectal nucleus, and combines 

the information of both visual fields). More specifically, iris dilation is regulated by the locus 

coeruleus-norepinephrine system mainly via norepinephrine stimulating α-adrenoceptors of the 

iris dilator muscle, and postsynaptic α2-adrenoceptors of the Edinger-Westphal nucleus that 

projects to the ciliary ganglion (Yoshitomi et al., 1985). Since these dilation adaptations are 

completely different to contractions due to the pupillary light reflex (via acetylcholine), constant 

low light levels are critical to reliably measure norepinephrine levels (Aston-Jones & Cohen, 2005; 

Koss, 1986; Nieuwenhuis et al., 2005). This described pathway was suggested to primarily 

underlie pupil dilation caused by arousal and mental effort (Steinhauer et al., 2004; see Mathôt, 

2018). 
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The field of Cognitive Pupillometry describes the measurement of pupil size to investigate 

cognitive processes (Mathôt & Vilotijević, 2022). As introduced above, in the research studies 

presented here, the focus is on the information pupillometry can give us regarding cognitive 

effort. The literature regarding the analysis of changes of pupil diameters is vast. Applying eye-

tracking technology is a difficult endeavor, and for the pupillometric data to be valid, a lot has to 

be considered, such as laboratory setup (e.g., room lighting, monitor viewing distance and angle), 

data capturing hardware and software (e.g., eye-tracker type and specifications, capture software 

with different algorithms), pre-processing (e.g., parsing raw data, interpolating or removing 

missing and invalid data, baseline correction, trial and participant exclusion based on data quality), 

and finally statistical analysis (e.g., single test, cluster-based permutation, cross-validation; see e.g., 

Holmqvist et al., 2011; Mathôt, 2013, 2018; Mathôt et al., 2018; Mathôt & Vilotijević, 2022). 

Thus, if everything is controlled for, cognitive pupillometry describes the measurement of 

the rapidly changing pupil diameter during cognitive processes. When set in relation to baseline 

values, the task-evoked changes of the pupil diameter do normally not exceed 0.5 mm (Beatty & 

Lucero-Wagoner, 2000), and can be used as a ―psychophysiological index or correlate of 

cognitive activity‖ (Campbell et al., 2018, p. 20) that changes because of task difficulty (Hess & 

Polt, 1964; Kahneman & Beatty, 1966). In all cognitive tasks where behavior is compared for 

conditions of varying task difficulty, van der Wel and van Steenbergen (2018) describe a 

persisting problem when looking at pupil dilation as an indicator for neural and computational 

mechanisms underlying cognitive effort. According to the authors, when analyzing the mean 

differences of such conditions, no easy decision can be made whether the physiological signals 

indicate mere task demand or effort exertion. In their review, they describe and discuss evidence 

and arguments in favor for both interpretations. Based on the overall findings, they conclude that 

―the effort account could have more explanatory power and might therefore be preferred over an 

account that pupil dilation reflects mere task demands― (van der Wel & van Steenbergen, 2018, p. 

2010). 
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Kahneman (1973) used the terms capacity, effort, and attention interchangeably to describe 

the limited working memory resources available to participants while solving cognitive tasks. 

Similarly, a lot of studies (e.g., reviewed in Beatty & Lucero-Wagoner, 2000; Mathôt, 2018) 

showed pupil size to reflect mental effort, cognitive load, or cognitive intensity. In summary, the 

pupils dilate as a consequence of whatever activates the mind (Mathôt, 2018). 

One influential theory that was first proposed by Aston-Jones and Cohen (2005) is the 

adaptive-gain theory. It primarily involves how the locus coeruleus regulates behavior. As 

mentioned above, the activity in the locus coeruleus has a high correlation with pupil size (Joshi 

et al., 2016). For that reason, its measurement via pupillometry can be used to test the predictions 

of the adaptive-gain theory (e.g., Gilzenrat et al., 2010; Jepma & Nieuwenhuis, 2011; for a review, 

see Mathôt, 2018). Aston-Jones and Cohen (2005) describe two distinct modes of behavior, 

which they refer to as exploitation and exploration. Exploitation describes a behavioral mode where 

one is engaging in one single task and exploiting the rewards of this task, for instance, eating 

food. The mode is linked to intermediate, phasic activity in the locus coeruleus and thus 

intermediate pupil size (see Mathôt, 2018). The other mode, exploration, describes a state where 

one can switch between different tasks and can also be distracted more easily. In this state, one is 

exploring, which one of possible tasks offers the highest reward. Animals and humans show 

behaviors that coincide with this theory, as switching between exploration and exploitation can 

be observed. Mathôt (2018) pointed out that the tracking of this switching behavior with 

pupillometry is a new interesting approach and that there are some studies with supporting 

results. One example is a study by Jepma and Nieuwenhuis (2011), who reported pupils being 

larger in exploration than exploitation. Additionally, stimuli elicited large but less responsive pupil 

responses in exploration (Gilzenrat et al., 2010). These two aspects of the exploration pattern 

reflect neural activity of the locus coeruleus (Aston-Jones & Cohen, 2005; see Mathôt, 2018). 
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2.9.2 Subjective Cognitive Effort 

Cognitive pupillometry is one way to objectively measure changes in mental effort and 

cognitive load. However, this method cannot be used in all experiments, depending on variables 

such as test design, apparatus availability, and other constrictions. To ascertain cognitive load 

demands of test problems in these type of experiments, self-rating scales of mental effort can be 

used (see Paas & van Merriënboer, 1994; Paas et al., 2003). Normally, they are Likert-type scales, 

consisting of a nine- or ten-point scale. For instance, Ayres (2006) used a nine-point scale: 1 

(extremely easy), 2 (very easy), 3 (easy), 4 (quite easy), 5 (neither easy or difficult), 6 (quite 

difficult), 7 (difficult), 8 (very difficult), and 9 (extremely difficult). A similar and German version 

is the ―Anstrengungsskala Sport‖ (ASS), which is an RPE (rate of perceived exertion) scale 

developed by Büsch et al. (2015) ranging from 0-10. In their study regarding mental rotation and 

aerobic exercise, Jost et al. (2023) used this scale to measure the RPE for both subjective physical 

exertion and subjective cognitive exertion. Measurement with the scale is straightforward: 

Participants have to name or mark a unique number or word to describe the perceived cognitive 

effort. Depending on the test design, these measurements can be done after each task or after 

whole test blocks. Mental rotation experiments usually include an extensive number of items to 

ensure test power. Including a subjective rating of perceived exertion after each item would 

drastically increase the experiment duration, which has to be taken into consideration. For 

instance, Jost et al. (2023) measured the subjective cognitive effort after each mental rotation task 

block and analyzed these block values. Similarly, Ayres (2006) measured cognitive load once after 

finishing each whole answer booklet in his study on mathematical learning. 

2.9.3 Cognitive Effort in Mental Rotation Tasks 

Until now, to our knowledge, only one study investigated object-based mental rotation 

tasks using different stimulus types (embodied and abstract) measuring cognitive effort with 

respect to sex differences: Campbell et al. (2018) implemented the physiological correlate of 

cognitive effort in a mental rotation task design. They compared abstract (cube) with embodied 
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(human hand) figures in chronometric mental rotation tasks with 50 males and 49 females 

applying pupillometry. Their findings confirmed that pupil dilation was modulated by angular 

disparity, with higher angular disparity, that is, more difficult tasks, increasing the pupil diameter. 

Additionally, females showed higher cognitive load than males in mental rotation tasks of 

abstract figures. For the embodied figures, for which they used hand pictures, both sexes showed 

comparable levels of cognitive effort, indicating that due to embodiment, sex differences in this 

spatial task dissipated. However, in the study of Campbell et al. (2018), the embodied stimuli 

(human hands) and the cube figures differed completely in number and kind of visual features, 

because they did not have any shape or color features in common. A comparison might therefore 

be more difficult. Another study that was mentioned above is from Jost et al. (2023). As one of 

the findings in their study regarding mental rotation and aerobic exercise, they reported subjective 

cognitive effort being significantly lower for women than for men. 

Apart from task difficulty, monitoring the pupil diameter might illustrate other effects. 

One might be the effect of stereotype threat to deplete working memory capacity (Spencer et al., 

2016). Working memory capacity is connected to cognitive tasks such as reasoning (Suess et al., 

2002) and inhibitory control (Redick et al., 2011). Considering the various processing stages in 

mental rotation (encoding, identification, rotation of the stimuli, the response selection and 

motor response; Heil & Rolke, 2002), some parts of these, such as stimulus encoding and object 

comparison, can reflect functions of the working memory, such as processing of visual or object 

working memory (Hyun & Luck, 2007). Research using fMRI has shown that in adults, the 

mental rotation process involves the frontal cortex (BA , BA10), premotor cortex (BA6), and 

parietal cortex (BA 40, BA 44) (Cohen et al., 1996; Jordan et al., 2001; Schöning et al., 2007; see 

Yang et al., 2020). Thus, the working memory seems to play an important role while solving 

mental rotation tasks (e.g., Hyun & Luck, 2007; Kaufman, 2007; Pardo-Vazquez & Fernandez-

Rey, 2012). Booth et al. (2000) also specified that mentally rotated stimuli are temporarily stored 

in the working memory. This was supported by Gathercole et al. (2004), who described the 
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visuospatial sketchpad—a subsystem of the working memory—playing an important role in the 

manipulation of visual images. The role of this subsystem is also supported by the findings of 

Lehmann et al. (2014), who reported a positive correlation between spatial working memory 

(operationalized by a block-tapping-test) and mental rotation capacity. In addition to the 

behavioral findings, similarities in neurological activation support this notion of a connection 

between working memory and mental rotation. Anguera et al. (2010) found activity in the 

dorsolateral prefrontal cortex and the bilateral inferior parietal lobule while solving visuospatial 

working memory tasks. These areas were also reported to be active during the early processes of 

mental rotation (Cohen et al., 1996; Jordan et al., 2001). The working memory is usually described 

as a capacity-limited system to store and manipulate information during a short time period (e.g., 

Robison & Unsworth, 2019). However, instead of a single storage, it was suggested to be better 

considered as a ―model that consists of separate domain-specific components that interact with 

each other‖ (Lehmann et al., 2014, p. 561). One model of Baddeley (1992, 2000) described the 

working memory to consist of four subcomponents: the central executive, the episodic buffer, 

and the two subsystems of the phonological loop and the aforementioned visuospatial sketchpad. 

Although parts of these components have been shown to be involved in mental rotation 

processes (e.g., Hyun & Luck, 2007; Lehmann et al., 2014), Lehmann et al. (2014) remarked that 

it is still unclear whether all parts of working memory are involved in mental rotation. 

Generally, some studies indicated that higher working memory capacity is linked to better 

mental rotation performance (Hyun & Luck, 2007; Kaufman, 2007; Pardo-Vazquez & 

Fernandez-Rey, 2012). Interestingly, Goodmon et al. (2019) reported higher working memory 

capacity participants not being faster than lower working memory capacity ones in mental 

rotation. They also pointed out that only the latter showed the typical reaction time increase 

depending on angular disparity. They concluded that people with higher working memory 

capacity were not impeded in their performance as much as those with lower working memory 

capacity, and that this might also indicate different strategy approaches between these groups. 
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However, they pointed out an important limitation in their study that they only used reaction 

times as the dependent variable and excluded accuracy. 

Robison and Unsworth (2019) examined fluctuations in working memory performance. 

They found that the variability in pretrial pupil diameter was the strongest independent predictor 

of individual differences in task performance. Their former studies had shown similar results, that 

is, individuals, who have more fluctuations in arousal, showed worse task performance, and 

those, who used more attention on maintaining the items during delay intervals, showed better 

task performance (Unsworth & Robison, 2015, 2018; see Robison & Unsworth, 2019). These 

findings support their theory of individual differences in how the locus coeruleus-norepinephrine 

system functions with regard to working memory and attention (Unsworth & Robison, 2017a, b). 

This theory included: 

Stability and consistency of delivery of NE [norepinephrine] to the frontal cortices 

by the LC [locus coeruleus] is an important underlying factor in why people vary 

in their ability to control their attention and effectively utilize their limited WM 

[working memory] system. When NE [norepinephrine] is not consistently 

delivered, arousal tends to fluctuate, which can lead to lapses of attention and be 

harmful for the performance of tasks that require consistent attention. (Robison 

& Unsworth, 2019, p. 408; see also Unsworth & Robison, 2017a, b) 

Overall, pupillometry is an important measure of biomarkers for arousal, attention, and 

general task management (Clewett et al., 2020; Eldar et al., 2013; Gilzenrat et al., 2010; Joshi et 

al., 2016; Kahneman & Beatty, 1966; see Keene et al., 2022). More specifically, pupil diameter 

changes were shown to be connected to sustained attention (Decker et al., 2020; Unsworth & 

Robison, 2016; van den Brink et al., 2016) and working memory tasks (Robison & Brewer, 2020; 

Robison & Unsworth, 2019; Unsworth & Robison, 2015; Zokaei et al., 2019; see Keene et al., 

2022). 
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3 Summary of the State of Research 

Over the last five decades, mental rotation has been an important part of research in the 

field of spatial abilities. Because of the practical implications of the connection between spatial 

abilities and success in STEM disciplines, it continues to be an important topic and a popular 

field (e.g., Xie et al., 2020). In object-based mental rotation transformation tasks, participants 

have to decide whether two objects, which are rotated to each other, are mirror reversed to each 

other or not. In the analysis of chronometric mental rotation tasks, the behavioral data (reaction 

times and accuracy rates) show a generally linear relationship with the increasing angular disparity 

between the two figures (Shepard & Metzler; 1971). 

Mental rotation ability can be influenced by many factors, of which stereotype threat and 

embodiment effects are highlighted in this thesis. Stereotype threat describes the risk of 

confirming a negative stereotype about the own group (Steele & Aronson, 1995), which may 

trigger a disruptive state that can reduce the performance, for example, in cognitive tests (e.g., 

Spencer et al., 2016). The effectiveness of stereotype threat depends on various factors; for 

instance, stronger beliefs about one‘s ability may reduce such effects (Rahe & Jansen, 2023). One 

possibility to change the beliefs in the own ability and a way to mitigate the effects of stereotype 

threat is the practice of mindfulness.  

Mindfulness involves effects on the body that derive from the embodied cognition 

approach. The idea is that cognitive processes are grounded in the organism‘s sensory and motor 

experiences through bodily interactions with the world, which lead to direct effects of bodily 

experiences on the mind (Barsalou, 2008). Hence, the brain takes input from the rest of the body 

(Lakoff & Johnson, 1999), which can have an influence on perception and cognition (for a 

review, see Khoury et al., 2017). Longer mindfulness meditation practices over several weeks lead 

to an improvement in attentional control (Lutz et al., 2008) and emotion regulation (Heppner et 

al., 2008), but also short embodied meditation practice (e.g., eating a raisin mindfully) may impact 
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cognitive control tasks (Colzato et al., 2016), for instance, by influencing the working memory, 

which might be worsened in stereotype threat situations (e.g., Beilock et al., 2007). 

While embodiment effects can be elicited via external interventions such as meditation, 

cognitive tests by themselves may incorporate aspects that can provoke embodiment effect. For 

example, the figures serving as stimulus material may be abstract such as cube figures, or 

embodied such as figures of human bodies (Amorim et al., 2006) or hands (Campbell et al., 

2018).  

Another important role play the large sex differences discovered in psychometric mental 

rotation tests, which are not as easily replicated and observed in chronometric mental rotation 

tests. As there is yet much to discover, cognitive psychology still scrutinizes gender differences 

with new analytical methods, advancing technology, and with regard to various possible factors 

and indicators of cognitive processes. One is Cognitive Pupillometry, the measurement of pupil 

size to investigate cognitive processes (Mathôt & Vilotijević, 2022). By controlling various 

factors, changes in pupil dilation can serve as an objective biological marker of cognitive effort 

that is connected to the locus coeruleus-norepinephrine system (see Mathôt, 2018). 

The following studies endeavor to address parts of the mentioned aspects. With regard to 

possible gender differences, three mental rotation experiments were conducted that included 

influences of embodied cognition and indicators of cognitive effort, and were analyzed with 

linear mixed models. As an objective biological marker of cognitive effort, changes in pupil size 

are recorded via eye-tracking technology. Embodied stimuli as well as treatment through 

mindfulness delve into the effects of embodiment and focused attention meditation. Lastly, the 

effects of the explicit emotional influence of gender stereotypes are investigated.  

In Study 1, we analyzed mental rotation task performance with three types of stimuli that 

had different levels of embodiment, and gender. Here, pupillometric measurements were taken 

with eye-tracking technology to analyze cognitive load. In Study 2, the effects of a 20-minute 
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embodied focused attention mindfulness meditation were analyzed. The meditation and a control 

treatment, and gender were investigated regarding mental rotation performance and subjective 

cognitive effort. In Study 3, we used a shorter embodied focused attention mindfulness 

meditation than in the second study, and combined it with explicit stereotype threat applied 

through auditory induction. All conditions and gender were investigated regarding mental 

rotation performance and pupillometric measurements of cognitive effort. 

Throughout the studies, we endeavored to implement statistical advancements such as 

linear mixed models to improve the power of and the confidence in the results. For the 

pupillometric measurements, we prepared the laboratory conditions and conducted all 

measurements and data processing according to current standards, professional advice and 

guidelines, and to the best of our knowledge. 
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4 First Study: Pupillometry as a Measure of Cognitive Load in Mental 

Rotation Tasks with Abstract and Embodied Figures1 

4.1 Summary 

In the first study, we investigated sex differences in behavioral performance and cognitive 

load in chronometric mental rotation tasks with abstract and embodied figures. Eighty 

participants (44 women and 36 men) completed 126 items each, which included cube figures, 

body postures, and human figures, which were all comparable in shape and color. Reaction time, 

accuracy, and cognitive load, measured by changes in pupil dilation, were analyzed. As a function 

of angular disparity, participants showed shorter reaction times and higher accuracy rates for 

embodied stimuli than cube figures. Changes in pupil dilation showed a similar pattern, indicating 

that mental rotation of embodied figures caused less cognitive load to solve the task. No 

significant sex differences appeared in any of the measurements.  

4.2 Goals and Hypotheses 

To exclude the effect of different stimulus features, we used the stimuli from Amorim et 

al. (2006). They created two kinds of human body figures as altered versions of the abstract cube 

figures. These figures differ in their similarity to the original cube figures and are labeled as body 

postures and human figures (Jansen et al., 2012). Using pupillometry, we also examined whether 

any differences between the stimulus types are influenced by sex, regarding cognitive load. The 

following hypotheses were investigated. 

Sex differences in reaction time and accuracy have to be investigated. In line with Jansen-

Osmann and Heil (2007), no sex differences in the behavioral data could be expected, however, 

                                                 

1 The results presented in this chapter were published in advance in: Bauer, R., Jost, L., Günther, 
B., & Jansen, P. (2022). Pupillometry as a measure of cognitive load in mental rotation tasks with abstract 
and embodied figures. Psychological Research, 86(5), 1382-1396. 
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with respect to the study of Voyer and Jansen (2016), men might outperform women 

(Hypothesis 1). 

We predicted behavioral task performance to be better with embodied figures, due to the 

familiarity and sensorimotor functions associated with them compared to cube figures for both 

sexes (Hypothesis 2; Amorim et al., 2006). 

According to Campbell et al. (2018), we predicted stimulus type and angular disparity to 

influence the pupil dilation, with pupil dilation increasing as angular disparity increases, and 

generally being larger for cube figures. No differences between the two embodied figures were 

expected. We also expected reaction time to influence the changes of the pupil diameter due to 

the connection between task difficulty and longer response times (Hypothesis 3). 

In line with the findings of Campbell et al. (2018), we expected sex differences in 

pupillometric data for the abstract (cube) figures, but not for the embodied figures, with women 

showing higher levels in cognitive load (Hypothesis 4). 

4.3 Methods 

4.3.1 Participants 

In total, 109 students (60 women) participated in the study and received study credits. No 

monetary compensation was involved in this study. For 29 participants, the Software 

Development Kit (SDK) had disrupted the connection to the eye tracker and thus terminated the 

experiment, which led to an exclusion from analysis due to software failure. As a result, 80 

students (44 women, mean age (SD) = 20.6 (2.1) years; 36 men, 21.9 (2.8) years) form the sample 

for statistical analysis. To take part in the study, participants needed unrestricted eyesight at close 

range or corrected eyesight with contact lenses. All participants were free from eye injuries and 

reported no relevant physical or mental limitations. Informed consent was obtained from all 

individual participants included in the study. The experiment was conducted according to the 
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ethical declaration of Helsinki. Ethical approval for this study was not required in accordance 

with the conditions outlined by the German Research Society (DFG), where research that carries 

no additional risk beyond daily activities does not require Research Ethics Board Approval. We 

communicated all considerations necessary to assess the question of ethical legitimacy of the 

study. 

4.3.2 Setup 

Stimulus presentation and response handling were controlled with Presentation® 

software (Version 20.1 Build 12.04.17, Neurobehavioral Systems, Inc., Berkeley, CA, 

www.neurobs.com) on a Dell Latitude E5540 Laptop, 14‖, 1366 x 768 px, 60 Hz. Below the 

bottom screen border, a RED250mobile (SensoMotoric Instruments GmbH, 2017) eye tracker, 

250 Hz, was applied. Using iViewRED software (Version 4.4.26.0, SensoMotoric Instruments 

GmbH, 2017), all screen properties and the position of the tracker relative to the screen were 

integrated. With the iViewX_SDK (Version 4.4.10.0, SensoMotoric Instruments GmbH, 2017), 

the Presentation® script conducted a 13-point calibration at the start of each run. Calibration 

accuracy in form of vertical and horizontal dispersion was reported to be lower than 0.3° for all 

participants. The iViewRED software depicts the distance of the eyes to the screen. All 

participants were seated close to the table. Then, the laptop was positioned with the screen being 

at 60 cm from participants‘ eyes. No chinrest was used in this experiment. All participants were 

instructed to remain relaxed and to move as little as possible throughout the experiment. As a 

consequence, their position in the headbox of the eye tracker was always given. 

The eye tracker was placed on a table, which neither the participant nor the investigator 

touched during the experiment to prevent vibrating the tracker. To maintain an appropriate 

distance to the participant and to manage the software, the investigator used a wireless keyboard 

and mouse on a separate table. The participant used a wired mouse placed on a lower table 
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beneath the tracker table to control for input lag and vibrations. The laboratory was silent and 

constantly dimly lit to control for pupil dilation due to light conditions. The only light sources 

were a ceiling lamp outside the peripheral visual field of the participant and the laptop screen 

(luminance at 169 cd/m2 for body postures, and 177 cd/m2 for both cube and human figures; 

measured with a spot meter, Chroma Meter CS-100, Minolta Co., Ltd., Japan), resulting in a 

constant illuminance of 55 lx (measured with a lux meter, testo 540, Testo AG, Germany). 

4.3.3 Stimuli 

Stimuli consisted of three different types developed by Amorim et al. (2006), which are 

Shepard and Metzler (1971) style 3D cube figures, human figures, and body postures (see Figure 

2). Human figures are human bodies in standing positions holding their arms in different 

positions, matching familiar postures (e.g., shaking hands). Body postures are human bodies, 

whose atypical postures aligned with the cube figure configurations. All stimulus types had three 

variations each, were partially colored in pink, and were displayed in front of a white background. 
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Figure 2 

Examples of Mental Rotation Stimuli Used in the Experiment. 

 

Note. Developed by Amorim et al. (2006); reprinted and adapted with permission by Michel-Ange 

Amorim. From left to right: Human figure (non-mirrored). Cube figure (non-mirrored). Body 

posture (non-mirrored). Body posture (mirrored and rotated by 180°). 

 

The participants looked at two three-dimensional figures (pairwise) and had to decide 

whether the figures were the same or different (mirrored). Each figure type was presented in a 

separate block (three blocks in total) with 42 trials each (total of 126 randomized trials) with one 

half of the trials being identical pairs and the other half mirror-reversed pairs. On the left side of 

the screen, the model was always presented non-mirrored with 0° rotation. On the right side of 

the screen a rotated and mirrored/non-mirrored stimulus was presented. The stimuli were 

presented in seven different angular disparities of 0°, 30°, 60°, 90°, 120°, 150° and 180° in y-axis 

(screen plane). Each figure had a dimension of 400 × 400 px and was vertically centered and 

horizontally positioned 300 px to the left or right of the center of the screen until a response was 

given. A practice block of 36 trials with feedback preceded the main experiment. Between stimuli 

pairs in the practice session, participants received feedback for 1000 ms (+ right, - wrong) shown 



First Study: Pupillometry as a Measure of Cognitive Load in Mental Rotation Tasks with Abstract 

and Embodied Figures 54 

 

at the center of the screen, and in experimental sessions, a fixation cross (―*‖) was shown there 

for 1000 ms. During the main experiment, self-controlled pauses were provided after every 14 

trials. 

4.3.4 Pupil Diameter 

Before the practice block, the participants saw each stimulus pair of all nine figures in 

randomized order and only for the 0° non-mirrored condition. Participants were instructed that 

they were about to see some pictures, which they only had to look at. Originally, this first block 

was supposed to serve as baseline measurements, as Campbell et al. (2018) used them, for 

instance. However, we followed the recommendations by Mathôt and colleagues (Mathôt, 2013; 

Mathôt et al., 2018; Mathôt et al., 2015), and used a trial-dependent baseline correction. The 

response in pupil dilation typically occurs within the first few hundred milliseconds after stimulus 

onset, peaks around one to two seconds after stimulus onset and continues asymptotically until it 

returns back to baseline values (Andreassi, 2000; Beatty & Lucero-Wagoner, 2000; Loewenstein 

& Loewenfeld, 1962; Nieuwenhuis et al., 2011). More specifically, task-evoked pupil responses do 

not emerge earlier than ca. 220 ms after a manipulation that caused them (e.g., Mathôt et al., 

2015). This opens up the possibility to take a period at the start of each trial for baseline 

correction. For this mental rotation experiment, we followed the approach of Mathôt et al. (2018) 

and used the median pupil size during the first eleven samples (corresponding to 40 ms), which 

was then used for subtractive baseline correction for each trial. Subtractive baseline correction is 

favorable, because it is more robust and increases statistical power more than divisive correction 

(see Mathôt et al., 2018, for an in-depth comparison). Overall, the baseline correction served to 

decrease the impact of random pupil-size fluctuations from one trial to the next, whereas 

between subject differences were taken into account statistically by using by-participant random 

intercepts in the linear mixed models (see Baayen et al., 2008; Mathôt et al., 2018). 
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Statistical inspection of the baseline data showed no significant differences between the 

angles (p = .073), but significant differences between the stimulus types (p = .007). Pairwise 

comparisons indicated that the pupil diameters for body postures were larger than for cube and 

human figures (which did not differ significantly from each other), illustrating the luminance 

differences between those stimuli. 

4.3.5 Procedure 

The experiment was a single session and lasted between 35 – 50 minutes, depending on 

participants‘ speed to complete all items. Upon arrival, the participants read and signed the 

informed consent. After that, they filled out a questionnaire including demographic information, 

sports activity, physical and mental illnesses, and eye-sight specifications. Then, they were 

positioned, as was the laptop respectively. After a brief explanation of the test protocol, the 

calibration and first block (presenting nine non-mirrored and non-rotated stimulus pairs for 6 

seconds each) were run. Then the practice session with feedback followed, which was introduced 

by a digitally presented instruction. Participants used the right hand for mouse handling and 

received written instructions to press the left mouse button, if the stimuli could be rotated into 

congruence (non-mirrored, ―same‖), and the right mouse button, if the two stimuli were mirrored 

(―different‖), and to answer as quickly and precisely as possible. Here, verbal feedback was only 

given, when participants did not understand the task, hence overly making mistakes or taking 

very long to respond (> 15 sec). After completing all practice trials, the calibration and main 

session were run. During the practice and main sessions, participants were asked to remain with 

their gaze on the screen (being allowed to blink naturally). During the short self-controlled 

breaks, they could avert or close their eyes for a few seconds. These instructions were necessary, 

because the SDK would produce an error and shut down the experiment upon longer gaze 

losses. Following the main experiment, the participants were debriefed. All verbal instructions 
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were standardized using a researchers‘ guideline script. Three investigators conducted the data 

collection. 

4.3.6 Study Design 

To analyze cognitive performance, the dependent variables are reaction time (RT), 

accuracy (ACC) as well as the difference between the maximum pupil diameter and the respective 

baseline pupil diameter for each trial (PD) as a measure of cognitive load. To test our hypotheses, 

the independent variables are stimulus type (STI; cube figures [CF], human figures [HF], and 

body postures [BP]), SEX, angular disparity (DEG), and their respective interactions. DEG 

describes the angular disparity between the two figures shown on the screen. Since the left image 

is always presented with 0° rotation, the angular disparity depicts the rotation in degrees of the 

right image. DEG was included as a fixed effect as it is the main moderator of difficulty in mental 

rotation tasks (Jost & Jansen, 2020). In the analysis of PD, we included RT as a fixed effect to 

analyze the influence of reaction time on cognitive load. 

4.3.7 Data Processing 

For the behavioral data, outliers were determined by a deviance of more than three 

standard deviations from the mean reaction time of all stimulus pairs with the same rotation 

angle and were excluded from all analyses. Angular disparity is not unambiguously defined for 

mirrored responses in cube figures as they cannot be brought into congruence with each other 

(Jolicœur et al., 1985; Shepard & Metzler, 1971). Although mirrored figures have a unique shape, 

a mirror image may appear at different rotated positions due to different orientations of the 

mirroring plane. Thus, the angle between two mirrored images might be twice the one between 

the respectively rotated mirroring planes. As such, mirrored stimuli cannot have a unique 0°-

condition and therefore no definable angular disparity (Jansen et al., 2020; see also Jost & Jansen, 

2020). Because of that, only non-mirrored stimulus pairs were analyzed and reaction time was 
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additionally only analyzed for correct responses. Using the SMI software BeGaze 3.7, build 58 

(SensoMotoric Instruments GmbH, 2017), a velocity dependent algorithm (peak velocity 

threshold = 40°/s, min. fixation duration = 50 ms, peak velocity between 20–80% of saccade 

length) was used for blink detection. Here, blinks are saccade-like events during which fast pupil 

diameter changes occur (which reflects a rapid shrinking of the pupil due to closing of the eyelid). 

In R (R Core Team, 2018), the exported raw data (with marked blinks) were further processed to 

obtain valid pupil diameter data. The data for each eye were treated separately. As recommended 

by Mathôt et al. (2018), in addition to filtering based on detected blinks, we also filtered based on 

pupil size. A band pass filter was used to reject pupil size samples outside a predefined range 

between 1.5 and 9 mm (Kret & Sjak-Shie, 2019; Kret et al., 2014). Based on Mathôt‘s (2013) 

approach, we reconstructed the pupil sizes for blinks (each window extended by 10 ms before 

and after) as well as gaps, using cubic spline interpolation. Beforehand, we filtered trials that had 

no pupil size data during the first or last 20 ms of the trial, so that sufficient data would be 

available for the baseline. The last 20 ms were chosen to keep the data symmetrical, and because 

the highest peaks in cognitive load would likely occur shortly before the task response, taking 

into account the delay in pupil dilation (see above, Mathôt et al., 2015). After that, the median 

pupil size during the first 40 ms was calculated as the baseline value for each trial (see Mathôt, 

2013). A 10-point moving average filter was run to smooth the data for noise, the maximum 

pupil size was determined for each trial, and the difference to the baseline was calculated. Toth 

and Campbell (2021) pointed out that using the value of the maximum pupil diameter per trial in 

the analysis with baseline correction is the ―most robust eye-tracking metric of cognitive effort 

(…) as it does not fall victim to the fact that viewing times across stimuli were not controlled‖ 

(Toth & Campbell, 2021, p. 2; also see Aboyoun et al., 1998; Campbell et al., 2018). As Beatty 

and Lucero-Wagoner (2000) stated, most of the task-induced pupil size changes are below 0.5 

mm. To also account for rarer cases, we excluded differences larger than 0.6 mm. After that, the 
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pupil size change was averaged between the two eyes. In case of available data for only one eye, 

this value was taken, due to the diameters of both eyes being highly correlated, especially locally 

(Jackson & Sirois, 2009). Overall, out of 10080 trials, 233 had missing data from both eyes and 

were excluded from analysis. In line with Campbell et al. (2018), we analyzed the maximum pupil 

diameter changes according to common behavioral data analysis, that is, excluding mirrored items 

and wrongly answered ones. 

4.3.8 Statistical Analysis 

The first part of this section provides a short overview regarding the statistical analysis 

approach for the three studies of this thesis. During the last decade, linear mixed models and 

general mixed models gained popularity due to increasing computing power and available 

packages for them (Bates, Maechler, et al., 2015). A lot of literature lay out the general advantages 

of mixed models, however, there are still aspects of the analysis that are being discussed, such as 

the choice of random slopes in the models (Barr et al., 2013; Bates, Kliegl, et al., 2015; Brauer & 

Curtin, 2018; Matuschek et al., 2017; see Jost, 2022). It is important to note that these analysis 

types are still evolving, and that there is an ongoing discussion about model selection depending 

on theory or data, and whether simple or complex models should be chosen (Jost et al., 2023). 

Thus, although applying state-of-the-art statistical analysis in the studies presented here, a 

possible uncertainty of the outcomes has to be taken into account (see Jost, 2022). 

The general idea of mixed model analysis will be outlined and described: Mixed models 

incorporate fixed effects and random effects. Neither of them are clearly defined, but typically, 

fixed effects are the ones that describe the variables of interest (e.g., all treatments of interest in 

an experiment) and random effects are described to generalize the model to a more general 

sample (e.g., generalizing data of a test sample to a broader population). The random effects can 

also incorporate random intercepts that account for baseline differences in the data, and random 
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slopes that account for possible differences of how the fixed and random effects interact. Mixed 

models offer various advantages, for instance, they allow the analysis of multiple crossed or 

nested random effects, the analysis of data that has unbalanced or missing values, the analysis of 

multiple covariates, and gaining higher statistical power. Additionally, with the simultaneous 

analysis of by-participant and by-item variances, averaging over participants or items is not 

necessary (Barr et al., 2013; Hilbert et al., 2019; Jost, 2022). Furthermore, gradual changes over 

the course of an experiment can be included (Baayen et al., 2008; Mirman et al., 2008; Winter & 

Wieling, 2016). 

The following part provides details for the analysis of the first study. Statistical analysis 

was performed using lme4 package (Bates, Maechler, et al., 2015) in R (R Core Team, 2018). 

Reaction time and pupil diameter were analyzed using linear mixed models and accuracy was 

analyzed using generalized linear mixed models with a binomial distribution. Model parameters 

were estimated by maximum likelihood estimation. P values were obtained by using likelihood 

ratio tests to test for improvement of model fit by the fixed effect of interest and compared to a 

significance level of .05. To date, no consensus exists on computing standardized effect sizes in 

linear mixed models, as they are generally used and reported for power- and meta-analyses 

(Feingold, 2009; Hedges, 2007; Jost, 2022; Rights & Sterba, 2019). For the significant effects and 

main effects, we report the unstandardized effect sizes and the confidence intervals that were 

calculated using parametric bootstrapping with 1000 simulations, in line with recommendations 

of Baguley (2009), and Pek and Flora (2018). Visual inspection of residual plots did not reveal 

deviations from homoscedasticity or normality in any model. 

Hypothesis-driven model building was based on the research of Barr et al. (2013), and 

Bates, Kliegl, et al. (2015), starting with a model with random intercepts and slopes for every 

appropriate fixed effect and reducing the model complexity by dropping non-significant variance 

components. Non-significant fixed effects were further removed from the model, such that non-
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significant effects were tested for an improvement of model fit by inclusion in the resulting 

model while significant effects were tested for worsening of model fit by exclusion of the effect. 

Main effects for significant interactions were tested separately by splitting the interaction (see also 

Jost & Jansen, 2020). The resulting models for each parameter are described in the results 

section. All data were visualized using ggplot2 package (Wickham, 2016) in R (R Core Team, 

2018). 

4.4 Results  

4.4.1 Reaction Time 

As shown in Figure 3, the reaction times for cube figures are constantly higher than for 

body postures and human figures. The graphs of the two embodied stimulus types are more 

closely related. All graphs show a positive slope with increasing angular disparity. 

  



First Study: Pupillometry as a Measure of Cognitive Load in Mental Rotation Tasks with Abstract 

and Embodied Figures 61 

 

Figure 3 

Reaction Time Plotted Against Angular Disparity and Stimulus Type. 

 

Note. Dots represent the mean. Bars represent the standard deviation. Both are slightly offset for 

the groups for better visibility. 

 

Model construction resulted in a model with random intercepts and slopes for STI and 

DEG by participant. STI*SEX*DEG and all respective interactions and main effects were 

analyzed as fixed effects. Significant differences were found for STI*DEG (see Table 1). 
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Reaction time increased significantly by DEG and STI (main effects). The interaction DEG*STI 

showed a significant increase in reaction time with increasing DEG for all stimulus types, with 

CF having the highest increase, followed by HF and BP. Pairwise comparisons for the 

interactions showed significant differences between all of them. Pairwise comparisons for the 

main effects showed significant differences between CF and BP, and CF and HF, but not for HF 

and BP, with CF always having higher values. 

Regarding reaction time and our first hypothesis, sex differences emerged neither for the 

main effect (SEX) nor for the interactions. The results support our second hypothesis that 

mental rotation task performance would be better with embodied figures compared to the cube 

figures, which is shown both by the overall difference between the reaction times of the two 

embodied figure groups and the abstract figure one (STI; highest for CF) as well as the increase 

of reaction time for each degree of angular disparity (DEG*STI; highest for CF). 
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Table 1 

Statistical Analysis of Reaction Time (in Seconds). 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 1.00 0.05   0.89, 1.10 
DEG*STI   χ²(2)=522.33 <.001  
DEG*STI(BP) 0.59 0.05   0.49, 0.68 
DEG*STI(HF-BP) 0.09 0.04 χ²(1)=7.29 <.001 0.01, 0.18 
DEG*STI(CF-BP) 1.02 0.05 χ²(1)=367.87 <.001 0.93, 1.11 
DEG*STI(CF-HF) 0.93 0.05 χ²(1)=301.95 <.001 0.83, 1.03 
DEG(0°)*STI(HF-BP) -0.12 0.06   -0.23, -0.01 
DEG(0°)*STI(CF-BP) 0.19 0.08   0.03, 0.35 
Main Effects      
DEG (100°) 0.91 0.04 χ²(1)=151.84 <.001 0.83, 1.00 
STI   χ²(2)=105.33 <.001  
STI(HF-BP) -0.03 0.04 χ²(1)=0.89 .345 -0.11, 0.04 
STI(CF-BP) 1.03 0.07 χ²(1)=103.22 <.001 0.90, 1.17 
STI(CF-HF) 1.07 0.08 χ²(1)=100.42 <.001 0.03, 1.21 
Non-significant Effects      
SEX (male-female) 0.02 0.06 χ²(1)=0.09 .762 -0.10, 0.14 
SEX*DEG 0.09 0.07 χ²(1)=1.47 .225 -0.06, 0.22 
SEX*STI   χ²(2)=2.05 .360  
SEX*STI*DEG   χ²(2)=4.11 .128  

Note. Intercept in this model represents the estimate at 0° for body postures (BP). Effects of 

angular disparity (DEG) represent changes of 100°. Test statistic and p value for stimulus type 

(STI) and DEG*STI represent the pairwise comparisons (HF: human figures; CF: cube figures). 

 

4.4.2 Accuracy 

In Figure 4, the proportion of correct answers shows a steeper decline for cube figures 

than for body postures and human figures. The graphs of the two embodied stimulus types are 

more closely related. All graphs start similarly at zero degrees and show a negative slope with 

increasing angular disparity.  



First Study: Pupillometry as a Measure of Cognitive Load in Mental Rotation Tasks with Abstract 

and Embodied Figures 64 

 

Figure 4 

Accuracy Plotted Against Angular Disparity and Stimulus Type. 

 

Note. Dots represent the mean. Bars represent the standard deviation. Both are slightly offset for 

the groups for better visibility. 

 

Model construction for ACC resulted in a model with random intercepts and slopes for 

STI and DEG by participant. STI*SEX*DEG and all respective interactions and main effects 

were analyzed as fixed effects. Significant differences were found for STI*DEG (see Table 2). 
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Accuracy decreased significantly by DEG and STI (main effects). The interaction DEG*STI 

showed a significant decrease in accuracy with increasing DEG for all stimuli, with CF having the 

highest decrease, followed by HF and BP. Pairwise comparisons for the interactions showed 

significant differences between CF and BP, and CF and HF (with CF having larger decreases), 

but not for HF and BP. Pairwise comparisons for the main effects showed significant differences 

between all of them (with CF having lower values). 

With regard to accuracy and our first hypothesis, sex differences emerged neither for the 

main effect (SEX) nor for the interactions. The results also support our second hypothesis that 

task performance would be better with embodied figures, which is shown both by the overall 

difference between the accuracy of the two embodied figure groups and the abstract figure one 

(STI; lowest for CF) as well as the decrease of accuracy for each degree of angular disparity 

(DEG*STI; largest for CF). The results are similar to those for reactions times, except for the 

pairwise comparison of the main effect (STI(HF-BP); significant differences in accuracy, but not 

in reaction time) and the slope by DEG (DEG*STI(HF-BP); significant differences in reaction 

time, but not in accuracy) between the two embodied figure groups. 
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Table 2 

Statistical Analysis of (Logarithmic Odds of) Accuracy. 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 5.47 0.58   4.54, 7.07 
DEG*STI   χ²(2)=14.36 <.001  
DEG*STI(BP) -1.04 0.35   -1.85, -0.36 
DEG*STI(HF-BP) -0.53 0.45 χ²(1)=2.87 .090 -1.46, 0.35 
DEG*STI(CF-BP) -1.36 0.40 χ²(1)=9.65 .002 -2.23, -0.55 
DEG*STI(CF-HF) -1.03 0.41 χ²(1)=6.33 .012 -1.84, -0.24 
DEG(0°)*STI(HF-BP) -0.15 0.71   -1.67, 1.18 
DEG(0°)*STI(CF-BP) -0.67 0.64   -2.23, 0.42 
Main Effects      
DEG (100°) -1.95 0.18 χ²(1)=94.15 <.001 -2.33, -1.61 
STI   χ²(2)=66.44 <.001  
STI(HF-BP) -0.93 0.41 χ²(1)=5.24 .022 -2.15, -0.21 
STI(CF-BP) -2.58 0.39 χ²(1)=64.54 <.001 -3.72, -1.96 
STI(CF-HF) -1.69 0.25 χ²(1)=46.50 <.001 -2.31, -1.23 
Non-significant Effects      
SEX (male-female) 0.24 0.21 χ²(1)=1.29 .256 -0.18, 0.59 
SEX*DEG -0.05 0.31 χ²(1)=0.03 .863 -0.68, 0.56 
SEX*STI   χ²(2)=2.22 .330  
SEX*STI*DEG   χ²(2)=1.21 .545  

Note. Intercept in this model represents the estimate for the logarithmic odds at 0° for body 

postures (BP). Effects of angular disparity (DEG) represent changes of 100°. Test statistic and p 

value for stimulus type (STI) and DEG*STI represent the pairwise comparisons (HF: human 

figures; CF: cube figures). 

 

4.4.3 Pupil Diameter 

The task-evoked pupil responses are depicted in Figure 5 and show an inclination of all 

graphs with increasing angular disparity. Here, cube figures show constantly higher values than 

the two embodied figure types. The graphs of body postures and human figures lie closer 

together.  



First Study: Pupillometry as a Measure of Cognitive Load in Mental Rotation Tasks with Abstract 

and Embodied Figures 67 

 

Figure 5 

Changes of Pupil Size (Max-Baseline) Plotted Against Angular Disparity and Stimulus Type. 

 

Note. Dots represent the mean. Bars represent the standard deviation. Both are slightly offset for 

the groups for better visibility. 

 

The model building resulted in a model with random intercepts and random slopes for 

DEG and RT by participant. STI*SEX*DEG, RT, and all respective interactions and main 

effects were analyzed as fixed effects. The pupil diameter increased significantly by STI*DEG, 
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and RT (see Table 3). Pupil size increased significantly by DEG and STI (main effects). The 

interaction STI*DEG showed a significant increase in pupil size for each DEG for the different 

stimuli, with HF having the highest increase, followed by BP and CF. Pairwise comparisons for 

the interactions showed significant differences between CF and HF, but not for CF and BP, and 

HF and BP. Pairwise comparisons for the main effects showed significant differences between 

CF and BP, and CF and HF, but not for HF and BP. With regard to the inclusion of RT in the 

model, we inspected the data for possible collinearity problems. All variance inflation factors 

were smaller than three (maximum of 1.86), that means, collinearity was not an issue (see Zuur et 

al., 2010). 

In the results for changes of pupil size, there was evidence for our third hypothesis that 

the pupil dilation would be influenced by the stimulus type and angular disparity. This is shown 

both by the increase of the pupil size change with increasing angular disparity (DEG*STI) as well 

as the overall difference between the pupil size change of the two embodied figure groups and 

the abstract figure one (STI). Here, the abstract figures have the lowest slope for DEG*STI, 

which could partially result from their constantly higher values in pupil size change (STI). There 

was no evidence for our fourth hypothesis, as no sex differences emerged neither for the main 

effect (SEX) nor for the interactions. 
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Table 3 

Statistical Analysis of Pupil Diameter (in 10-1 mm). 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 1.41 0.06   1.27, 1.53 
DEG*STI   χ²(2)=8.72 .013  
DEG*STI(BP) 0.28 0.05   0.19, 0.37 
DEG*STI(HF-BP) 0.06 0.06 χ²(1)=0.71 .399 0.06, 0.17 
DEG*STI(CF-BP) -0.13 0.06 χ²(1)=1.33 .250 -0.25, 0.00 
DEG*STI(CF-HF) -0.16 0.07 χ²(1)=5.98 .015 -0.30, -0.03 
Main Effects      
RT (sec) 0.37 0.03 χ²(1)=97.59 <.001 0.31, 0.43 
DEG (100°) 0.28 0.04 χ²(1)=45.74 <.001 0.21, 0.35 
STI   χ²(2)=40.17 <.001  
STI(HF-BP) -0.03 0.03 χ²(1)=0.64 .423 -0.09, 0.04 
STI(CF-BP) 0.22 0.04 χ²(1)=35.09 <.001 0.14, 0.30 
STI(CF-HF) 0.27 0.04 χ²(1)=39.18 <.001 0.18, 0.36 
Non-significant Effects      
SEX (male-female) -0.09 0.08 χ²(1)=0.10 .752 -0.25, 0.07 
SEX*DEG -0.09 0.07 χ²(1)=2.82 .093 -0.23, 0.05 
SEX*STI   χ²(2)=5.47 .065  
SEX*STI*DEG   χ²(2)=0.15 .928  

Note. Intercept in this model represents the estimate for body postures (BP), average reaction 

time (RT), and average angular disparity (DEG). Effects of DEG represent changes of 100°. Test 

statistic and p value for stimulus type (STI) represent the pairwise comparisons (HF: human 

figures; CF: cube figures). 

 

4.4.4 Exploratory Results 

We exploratively analyzed the time course of pupil dilation throughout the trials. Besides 

gaining insight into time-dependent pupil size changes of interest for future studies, this can also 

help to check the validity of the data, both as a check for the selected pupil size change measures 

(baseline and maximum) as well as possible disturbances by, for example, carry-over effects. 

The time course of pupil dilation (see Figure 6) illustrated that the pupil size decreased 

after trial start for around 500 ms and began to increase thereafter. Alignment of the trial ends 
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illustrated that the pupil diameter increased during the time around task response, leading to 

higher values during the fixation point (see Figure 7). 

Figure 6 

Time Course of the Standardized Pupil Diameter Means of All Participants’ Trials, Depicting Only the First 

Three Seconds. 

 

Note. Data of shorter trials only go until their respective trial end. Zero represents the onset of 

the stimulus preceded by the fixation point (−1000 ms to 0 ms). The shaded areas represent 

plus/minus one standard deviation. 
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Figure 7 

Time Course of the Standardized Pupil Diameter Means of All Participants’ Trials, Depicting Only the Last 

Three Seconds. 

 

Note. Data are aligned for trial ends at 0 ms; data of shorter trials only begin at their respective 

trial start. Zero represents the end of the stimuli and is followed by the fixation point (0 ms to 

1000 ms). The shaded areas represent plus/minus one standard deviation. 

 

4.5 Discussion 

4.5.1 Validity of Pupil Size Measurements 

Before addressing the hypotheses, we would like to elaborate on the temporal analysis of 

the pupil size means. Visual inspection of the time course of pupil dilation indicated possible 

carry-over effects. Over all trials, pupil size decreased after trial start for 500 ms and began to 

increase thereafter. Therefore, the one second fixation point duration was seemingly not enough 

for the pupil diameter to fully return to its baseline value. Inspecting the end of trials indicated 
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that the pupils were still dilating before, while, and after task response (mouse-click) was given, 

leading to higher values during the fixation point. This is a possible concern to the validity of the 

measurements as the exact extent and duration of the observed effects are unknown. One 

possible explanation is that shorter trials were systematically affected more, as the recording was 

cut off earlier and the trailing pupil dilation would lead into the following fixation point and trial. 

On longer trials, there was more time for the pupil size to plateau, which could be a reason for 

our results indicating that higher values emerged for higher angular disparity. This explanation 

however is unlikely, as this should have been compensated by the included effect of reaction time 

on pupil dilation. Nevertheless, assuming that carry-over effects only depend on the difficulty of 

the previous trial (and trials are in random order) and are somewhat random in magnitude and 

duration, they at least introduce additional variance to the measurements, which in turn reduces 

the power of the design. 

Despite these issues, we did not choose to alter the measurements. Regarding the baseline 

measurement, we cannot isolate a baseline due to the possible overlap in time of the observed 

decrease in pupil size and the expected increase due to the cognitive effort. However, we also 

conducted the pupil diameter analysis using baseline values for each stimulus, which were 

recorded at the beginning of the experiment. This form of analysis has its own problems, that is, 

mainly having no control of the random trial by trial pupil fluctuations. Interestingly, this and our 

described analysis results did not differ in the significance of any effect in question. This could 

indicate that the starting values were overall only shifted, that is, baseline measurements at the 

start of each trial were always 0.5 units larger than the true baseline. Regarding the measurement 

of maximal pupil dilation, one could include the following fixation point in the analysis of each 

trial. This however would have other effects influencing the data, for example, new visual input 

and pupillary light reflex. In addition, altering the analysis would not change the problem of the 

carry-over effects. In consequence, regarding the hypotheses for the pupillometric measurements, 
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the results must be considered with caution, independent of a possible change of measurements. 

Nevertheless, these issues are important for both past and future studies of pupil dilation during 

mental rotation and also other cognitive tasks where similar problems might arise. In experiments 

where the trial was cut off directly after task response, the interpretation of the results has to be 

done cautiously, as carry-over effects might have a similar impact there (e.g. in, Campbell et al., 

2018). In a recent study using another approach, Bochynska et al. (2021) showed the stimulus for 

four seconds, independent of task response. However, since trials with response times longer 

than four seconds (141 of 1064 trials) were excluded from the analysis, tasks of higher angular 

disparity might only have been partially included, and the ones included could also have faced the 

problems of delayed pupil dilation.  

Based on the observed time course of pupil dilation, future studies should 1) keep 

showing the task and measuring pupil dilation even after the response for at least 500 ms, and 2) 

increase the break between trials to at least two seconds. 

4.5.2 General Discussion 

The results show no sex differences in the behavioral performance. The main effects and 

interactions for both accuracy and reaction time do not show any influence of sex on the models. 

This is in line with other chronometric mental rotation studies. For instance, Voyer et al. (2006) 

also report no sex differences in mental rotation performance of 3D cube figures. Jansen-

Osmann and Heil (2007) investigated sex differences in mental rotation tasks with five different 

stimulus types and also reported sex differences only in one (polygons) of these (3D cube figures, 

letters, stimuli from primary mental abilities, and animal pictures). However, the results are in 

contrast to the study of Voyer and Jansen (2016)—using stimuli that were partially the same as in 

this study—who pointed out that although a performance improvement for both sexes was 

apparent, men might benefit more from the advantage through embodiment. One reason for this 
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discrepancy may be the variation in the use of the human stimuli between the two studies. Voyer 

and Jansen (2016) presented head cubes (cubes with the addition of a head) while we investigated 

human postures. 

In accordance with Amorim et al. (2006), our results confirm our second hypothesis that 

task performance would be better for both embodied figures compared to cube figures for both 

sexes. Our experiment shows a significant embodiment effect. Both embodied figures in this 

object-based transformation task were processed more easily on a behavioral level (shorter 

reaction time and higher accuracy), matching our hypothesis. This is in congruence with other 

studies (e.g., Amorim et al., 2006; Campbell et al., 2018; Voyer & Jansen, 2016). 

In line with the paradigm for chronometric mental rotation tasks, changes in angular 

disparity significantly influenced all dependent variables for all models. Higher angular disparity 

between the two pictures resulted in higher reaction times and lower accuracy. These effects are 

larger for the abstract than for the embodied figures. In particular, the interaction of cube figures 

and angular disparity showed a higher negative impact on performance than for body postures 

and human figures. 

 

In terms of cognitive load (Hypothesis 3), cube figures show the highest values in pupil 

diameter, followed by body postures and human figures. Here, both embodied figure types differ 

significantly from the cube figures. Therefore, the highest cognitive load manifests in cube 

figures, indicating that these tasks are more difficult to solve. This finding is congruent with our 

results for behavioral performance.  

An additional possible explanation for the pupil diameter to be lower for both embodied 

figures than for cube figures might be a congruency effect. In a pupillometry experiment 

regarding the Stroop task, Hershman and Henik (2019) report lower pupil diameter values for 
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neutral (colored letters with no meaning) than for color-congruent (word and word color align) 

tasks, indicating higher cognitive load in the latter due to a task conflict between reading the word 

and naming the color of the word. This is based on the effect that stimuli evoke tasks, which are 

strongly associated with them (Rogers & Monsell, 1995; Waszak et al., 2003). That means the 

neutral colored word has more task congruency, because it only elicits naming the color, whereas 

the colored word elicits reading of the word, creating conflict with the response. These findings 

concur with the description of motoric embodiment (i.e., imagination and execution of actions 

addressing the same motor representations) of Amorim et al. (2006) and might also apply to this 

study. Task response was given in interaction with a desktop mouse. With the hand being an 

important and salient feature of human figures and body postures, a congruency effect with the 

hand response is possible. That is, higher congruency could also lead to lower cognitive load and 

might thus be an additional factor considering motoric embodiment effects in this experiment. 

Overall, the first part of our hypothesis 3 was confirmed by the modeling results, with the 

main effects of cube figures and higher angular disparity increasing the pupil dilation the most. 

Also as predicted, the two embodied figure types did not differ significantly. Interestingly, the 

interaction of stimulus type and angular disparity showed the highest increases for human figures. 

With the implementation of reaction time in the model, the results illustrate the additional effect 

of this interaction on top of the effect of reaction time. Here, the pupil sizes for cube figures are 

higher due to the higher difficulty to solve the task. Thus, the range to increase was smaller than 

for the embodied figures, resulting in a less steep slope by angular disparity, which might indicate 

a ceiling effect in this regard. However, no significant differences emerged between body 

postures, and cube and human figures, with the values of body postures lying between those two. 

Consequently, they cannot be placed properly in this regard, which should be further investigated 

in future experiments. Additionally, changes in pupil dilation did not get fully explained by 

variations in angular disparity. Reaction time itself still predicted a significant portion of the pupil 
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diameter in the statistic model. That is, both reaction time and angular disparity had an impact on 

cognitive load, but none of them alone seemed to be sufficient to describe the connection 

between each other, and to account for task difficulty. As a consequence, it is possible that the 

relationship between difficulty and cognitive load is not linear. 

 

Our expectations regarding the sex differences in pupil dilation were based on the 

findings of Campbell et al. (2018), but our results did not confirm these predictions, as no 

differences emerge. As a conclusion, both sexes showed similar performance in the mental 

rotation tasks and exerted the same levels of cognitive effort for each stimulus type. This also 

means that all embodiment facilitations provoked similar changes in cognitive load and task 

performance for both sexes. This gives a hint that both men and women are able to solve mental 

rotations tasks, which have the same amount of spatial embodiment, with the same effort 

(Amorim et al., 2006). Spatial embodiment includes the mapping of a body-relevant coordinate 

system that facilitates the mental rotation process. In our case, having controlled object-based 

transformations as instructed, spatial embodiment seems to partially explain the differences in 

behavioral performance. With the results for pupil dilation matching those for behavioral data, 

spatial embodiment can explain the reduced pupil size for embodied figures, having a logical 

alignment in the geometric space. 

Our findings did not show any differences between the two embodied stimulus types. 

This is interesting, as they differ between each other regarding their geometric form. Body 

postures and cube figures are s-shaped comprising three bends, with body postures imitating the 

shape of the abstract figures. Human figures instead comprise only one or two bends, and are 

more i- or t-shaped. Thus, the stimulus types differ in spatial complexity, and human figures 

could theoretically be assumed to facilitate visual absorption and processing. However, the 
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difference in geometric form had no impact in this experiment. Overall, our results provide—for 

the first time—evidence that men and women need the same cognitive effort for the solution of 

this task. 

4.6 Limitations 

In pupillometry studies, the pupil foreshortening error should be of concern to have an 

influence on the acquired data, especially when looking at areas, which are further away from the 

screen center (Hayes & Petrov, 2016). In our mental rotation tasks, all analyzed image pairs are 

shown at the same positions on the screen. Possible pupil foreshortening errors were not 

expected to systematically differ between conditions, and were neglectable for that reason (see 

Mathôt et al., 2018). 

Amorim et al. (2006) neither analyzed sex differences nor elaborated on their choice of 

color. The partially pink coloring of the stimuli might facilitate female performance due to 

possible familiarity effects. However, a similar effect could also apply to males in respect to cube 

figures (Ruthsatz et al., 2017). To further analyze effects of stimulus color, the same stimuli 

would have to be presented in different color schemes (e.g., black-white, blue, and pink), and 

analyzed regarding sex differences. 

In this experiment, no chinrest was used. Although the SMI software is able to 

compensate for variations in head-tracker distance, these estimations might have limitations. 

Those can result in random noise, which does not endanger the validity of the results, but could 

be avoided nonetheless. Thus, in pupillometry experiments, using a chinrest is recommendable. 

As mentioned in the discussion, the experimental design led to possible carry-over effects, 

which have to be taken into account for interpretation of the results. 
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4.7 Conclusion 

This study replicated the effect for mental rotation tasks of embodied stimuli to be easier 

to process (Amorim et al., 2006) and showed for the first time that this result is confirmed with 

pupillometry, meaning that mental rotation of embodied figures needs less cognitive effort to 

solve the task. Sex differences did not appear in any of the measurements. 
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5 Second Study: The Effect of a Mindfulness Session on Mental Rotation 

Task Performance and Subjective Cognitive Load 

5.1 Summary 

In the second study, we investigated the effects of a single bout of a brief (20-minute) 

body-scan intervention on chronometric mental rotation task performance and subjective 

cognitive load. 91 participants (44 women and 47 men) were divided into two test groups 

(mindful or control intervention). They completed two sets of 150 items each with cube figures 

of similar complexity and filled out a test of state mindfulness. Subjective cognitive load was 

measured after each item block with a Likert-type scale. Subjective cognitive load, reaction time, 

and accuracy were analyzed with linear mixed models with the factors time, mindfulness, angular 

disparity, and sex. The mindfulness induction led to significantly elevated state mindfulness in 

comparison to the control condition. The main effects of the mindfulness induction were not 

significant in any of the dependent variables; however, a significant three-way interaction 

emerged between pre-post testing, mindfulness, and sex for reaction times. This interaction 

indicated that women might have benefited more from the mindfulness induction and men more 

from the control condition. Furthermore, men‘s performance was more affected by increasing 

levels of angular disparity than women‘s. Analysis of subjective measures of cognitive load 

showed reduced load in the posttest as well as a connection to reaction times. In the model, 

larger sums of reaction times would lead to significantly higher levels of subjective cognitive load. 

5.2 Goals and Hypotheses 

With mathematical abilities and mental rotation performance being related (Xie et al., 

2020) and mental rotation also being influenced by embodiment effects through mindfulness 

induction (e.g., Rahe & Jansen, 2023), the reported effects of mindfulness in mathematics (Weger 

et al., 2012) might also apply to mental rotation tasks. Thus, our goal was to conduct an online 
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study to investigate the effects of an embodied mindfulness treatment on chronometric mental 

rotation. Participants of both genders performed mental rotation tasks and were assigned to two 

condition groups, with or without mindfulness intervention. Additionally, we used a scale for 

perceived cognitive load to investigate if the sex differences in mental rotation are connected to 

subjective cognitive load. The following hypotheses were investigated: 

In line with former research indicating task performance improvements (e.g., Weger et al., 

2012), we predicted an interaction between pre-post testing and mindfulness, with mindfulness 

improving the mental rotation performance in the posttest compared to the control group 

(Hypothesis 1). We expected these changes to be larger for tasks of higher difficulty, that is, a 

higher angular disparity between both objects being compared (see Jost & Jansen, 2020).  

With regard to the benefits of focused attention meditation (see Lutz et al., 2008), 

mindfulness was expected to lead to lower subjective cognitive load in the posttest (Hypothesis 

2).  

Apart from the treatment effects, we expected a general decline in subjective cognitive 

load from pre to posttest due to possible learning and habituation effects (Hypothesis 3).  

According to the first study of this thesis (Bauer et al., 2022), we expected subjective 

cognitive load for pre- and posttests to be linked to their overall sum of reaction times. Longer 

overall response times were expected to lead to higher values in cognitive load (Hypothesis 4). 

In form of additional hypotheses, we expected a time effect of angular disparity, that is, 

higher behavioral performance improvements in the posttest for higher angular disparity. 

According to the paradigm of mental rotation, we expected reaction times to increase and 

accuracy rates to decrease with higher angular disparity. The effect for sex differences will be 

analyzed, too, exploratively. Additionally, we also analyzed exploratively possible sex differences 

in overall reaction time sums of the test blocks. 
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5.3 Methods 

5.3.1 Participants 

In the study, 149 students (84 women) participated and received study credits. In the 

preprocessing of the data, various filters led the data of 58 participants to be excluded from 

further analysis (for details, see 5.3.9 Data Processing). Consequently, 91 students (44 women, 

mean age (SD) = 21.8 (1.2) years; 47 men, mean age (SD) = 22.8 (3.5) years) form the sample for 

statistical analysis. In the study of Weger et al. (2012), the main effect of mindfulness on mental 

rotation for women was detected with a d = .58. The required sample size for women was 

estimated using the software G*Power (Faul et al., 2007). With an effect size of d = .58 (f = .29), 

a power of 0.90, and an alpha value of .05, a sample size of 66 women was estimated (see 

Brysbaert & Stevens, 2018). For the explorative analysis of sex differences, the same amount was 

estimated for men. Due to the filtering, the resulting sample was therefore smaller than estimated 

a priori. However, the power should increase by using linear mixed models in the analysis (Barr et 

al., 2013; Hilbert et al., 2019). 

Table 4 

Participants’ Experience in Mindfulness, Meditation, Yoga, and Mental Rotation Tests Prior to This Study. 

Experience Mindfulness Meditation Yoga Mental Rotation 

None 22 10 4 19 
Tried out once  40 32  
Done a few times per year  28 26  
Done a few times per month  10 22  
Done a few times per week  3 7  
Minor theoretical knowledge 37    
Practical experience 32    
Participated in 1-3 experiments     49 
Participated in >3 experiments     23 
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The participants‘ experience in mindfulness, meditation, yoga, and mental rotation tests 

prior to this study is shown in Table 4. To mitigate possible experience effects, participants were 

required not to have participated in any mental rotation task experiment within the six months 

preceding this experiment. All participants reported no relevant physical or mental limitations. 

Informed consent was obtained from all individual participants. The experiment was conducted 

according to the ethical declaration of Helsinki. We communicated all considerations necessary to 

assess the question of ethical legitimacy of the study. 

5.3.2 Conditions 

Participants were randomly assigned to one of two test groups. The intervention after 

completing the first block of mental rotation tasks depended on this assigned group. In line with 

Ussher et al. (2014; ten-minute reading) and as in the studies of Aaron et al. (2020) and Schroter 

et al. (2023), the control group heard a twenty-minute reading about natural history in German 

(―A Short History of Nearly Everything‖; Bryson, 2004). For the mindfulness condition, a 

twenty-minute audio track consisted of recorded instructions by a professional Mindfulness-Based 

Stress Reduction instructor with more than ten years of experience to do a mindfulness-based body-

scan. The focus of the meditation was on the body as a whole, on body sensations, and on the 

perception of the hands. In the final sample with 91 participants, 25 women and men were 

assigned to the mindfulness condition. Nineteen women and 22 men were assigned to the control 

condition. 

5.3.3 Setup 

Stimulus presentation and response handling were controlled with OpenSesame software 

(version 3.3.1 Lentiform Loewenfeld 2020, Mathôt et al., 2012) using the OSWeb tool (version 

1.3.8.0) together with JATOS software (version 3.5.4; Lange et al., 2015) and Ngrok software 

(version 2.3.35; ngrok Inc., 2023). With this setup, the study was run as an online experiment, 
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which participants could access through their Internet browser. To mitigate possible confounding 

variables in the online experiment setup, various instructions were given to the participants 

beforehand. The participants were asked to prepare a room, where they could spend at least 90 

minutes quietly and undisturbed. They were also advised to prepare a comfortable place, for 

instance, a bed, mattress, or sofa, where they could lie down during the twenty-minute session in 

the middle part of the experiment. They were also asked to put their phones on silent mode and 

make sure that their computer had a power supply connected as well as a sufficiently loud volume 

output and monitor brightness. All participants used keyboard arrow buttons for task response to 

control for input lag. 

5.3.4 Stimuli 

Stimuli consisted of a selection from the stimulus library of Peters and Battista (2008). 

Ten cube figure models with rotations around x- and z- axis in 45° steps and mirrored/non-

mirrored orientation (i.e., figures one to ten with a and b orientation in the stimulus library) were 

used with a checkered pattern on black background (see Figure 8). 

Figure 8 

Examples of Mental Rotation Stimuli Used in the Experiment. 

 

Note. Selected from the stimulus library of Peters and Battista (2008). Left: 90° rotation in x-axis. 

Right: 45° rotation in z-axis. 
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In the main experiment, which was divided in two parts, each part consisted of 150 

stimuli, resulting in a total of 300 different stimuli. The first 150 stimuli were figures one to five, 

and the second 150 stimuli were figures six to ten of the stimulus library (Peters & Battista, 2008). 

The order of the stimuli in each block was randomized for all participants. On the left side of the 

screen, every model was presented in orientation a, rotated by 30° in x direction and 15° in z 

direction, so that the base model for x or z rotation was identical. On the right side of the screen, 

a rotated and mirrored/non-mirrored stimulus was presented. Stimulus pictures were sized 400px 

times 400px and presented vertically centered and horizontally positioned 300px to the left or 

right of the center of the screen until a response was given. Thus, depending on the monitor 

resolution, the stimuli were possibly slightly bigger or smaller for each participant. However, 

since the distance or position to the screen could not be controlled either, and as no 

pupillometric measurements are conducted in this setup, these differences can be regarded as 

negligible. In the practice block, three different models were presented in overall 24 practice 

stimuli (figures 11 to 13 of the stimulus library), that is, four rotations in x-axis and z-axis for 

each model, combined with using each possible angular disparity once and half of the trials being 

mirrored. In the practice session, between the stimuli pairs, participants received feedback for 

1000 ms (✔- right, ✘- wrong) shown at the center of the screen. In experimental sessions, a 

fixation cross (―+‖) was shown there for 500 ms. 

5.3.5 Subjective Cognitive Load 

After the practice, pretest, and posttest block, participants filled out a Likert-type scale for 

subjective cognitive load. Here, they rated their response to each block on a ten-point scale. The 

measure of cognitive load was similar to Ayres (2006): ―In the recent section, how demanding/ 

strenuous did you perceive solving the mental rotation tasks?‖ The answers were given as a 

number and a verbal expression, for example, ―6 – Very demanding‖ (questions and answers 

were presented in German; see Table 5). Measuring the cognitive load for each block of tasks was 
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chosen over the measurement for every single task. This was done to maintain the general mental 

rotation task design, without disruption of the consecutive tasks by other questions, and because 

the complete experiment duration would have been extended by about an hour for each 

participant. This is in line with Jost et al. (2023), who also used this type of scale to measure the 

RPE (rate of perceived exertion) for subjective cognitive exertion after each block in their study 

regarding mental rotation and aerobic exercise. 

Table 5 

German Scale of (Self-Reported) Subjective Cognitive Load Used in This Study (Left) and an English 

Translation (Right). 

Wie anstrengend empfanden Sie es im eben 
durchgeführten Teil, die mentalen 
Rotationsaufgaben zu lösen? 

In the recent section, how demanding/ 
strenuous did you perceive solving the mental 
rotation tasks? 

9 - So anstrengend, dass ich sie nicht lösen 
konnte 

9 - So demanding that I could not solve them 

8 - Maximal anstrengend 8 - Maximally demanding 
7 - Extrem anstrengend 7 - Extremely demanding 
6 - Sehr anstrengend 6 - Very demanding 
5 - Anstrengend 5 - Demanding 
4 - Mäßig anstrengend 4 - Moderately demanding 
3 - Wenig anstrengend 3 - Little demanding 
2 - Sehr wenig anstrengend 2 - Very little demanding 
1 - Extrem wenig anstrengend 1 - Extremely little demanding 
0 - Überhaupt nicht anstrengend 0 - Not at all demanding 

 

5.3.6 Toronto Mindfulness Scale 

As a manipulation check whether the mindfulness manipulation had the desired effect, we 

used the Toronto Mindfulness Scale (TMS; Lau et al., 2006) as a measure of state mindfulness. 

The TMS was translated to German and included 13 items with five answer alternatives (0 = not 

at all; 4 = very much). For each participant, we computed summed scores for all items (see Lau et 

al., 2006). To prevent priming the participants to focus on mindfulness behavior prior to the 

treatment (either control or mindfulness condition), the TMS was only done after the second 
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mental rotation task block. Thus, these values served as a check whether the treatments showed 

an overall different effect between the groups. In this study, the internal consistency of the 

questionnaire is good, with the Cronbach‘s alpha of the TMS score being 0.82. 

5.3.7 Procedure 

The experiment was a single session and lasted between 60 to 90 minutes, depending on 

participants‘ speed to complete all items. At the start of the online experiment, the participants 

were presented written information about the study protocol and the goals of the study. Then, 

they gave informed consent and were directed to a follow-up page with instructions for the 

following experiment. One of those was to set the browser window to full-screen presentation. 

After that, the practice session with feedback followed, which was introduced by a digitally 

presented instruction. Participants used the keyboard for response handling and received written 

instructions to press the left arrow button, if the stimuli could be rotated into congruence (non-

mirrored, ―same‖), and the right arrow button, if the two stimuli were mirrored (―different‖), and 

to answer as quickly and precisely as possible. After completing all practice trials, they answered 

the scale for cognitive load (see Table 5). Then, the first part of the main experiment was run, 

after which they answered the scale for cognitive load again. Depending on the assigned test 

groups, an intervention followed. This intervention was either a twenty-minute mindfulness 

intervention, during which the participants listened to recorded instructions to do a mindfulness-

based body-scan, or a twenty-minute control intervention, during which the participants listened 

to a section of an audiobook about natural history. Then, the second part of the main experiment 

(posttest) was done. Following this part, they answered the scale for cognitive load, filled out the 

TMS (Lau et al., 2006), a demographic questionnaire, and the question whether they had honestly 

been attentive during the twenty-minute listening part (e.g., if they had fallen asleep or used their 

phones). Then, the participants received their participation code and the experiment concluded. 

All participations were conducted anonymously, and the presented participation codes in the end 
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were distributed randomly from a predefined list of one thousand codes and were not recorded 

anywhere. As it was an online experiment, all instructions were standardized. 

5.3.8 Study Design 

To analyze cognitive performance, the dependent variables are reaction time (RT) and 

accuracy (ACC). Subjective cognitive load was self-reported on a Likert-type scale after the pre- 

and posttest. Independent variables for the analysis of the cognitive performance are pre-post 

experiment setup (PP), mindfulness intervention (MF), SEX, angular disparity (DEG), and their 

respective interactions. DEG describes the angular disparity between the two figures shown on 

the screen. DEG was included as a fixed effect as it is the main moderator of difficulty in mental 

rotation tasks (Jost & Jansen, 2020). Since the left image was always presented with 0° rotation, 

the angular disparity depicts the rotation in degrees of the right image. The cognitive load analysis 

includes PP, MF, SEX, and their respective interactions. Furthermore, the total sum of reaction 

time (for all items; RT-Sum) for each block (pre- and posttest) is analyzed as an additional fixed 

effect to analyze the influence of reaction time on subjective cognitive load. Regarding MF and 

SEX, the overall TMS score is analyzed as a measure for state mindfulness. 

5.3.9 Data Processing 

For the behavioral data, outliers were determined by a deviance of more than three 

standard deviations from the mean reaction time of all stimulus pairs with the same rotation 

angle and were excluded from all analyses. Because angular disparity is not defined for mirrored 

responses in cube figures (Jolicœur et al., 1985; Shepard & Metzler, 1971), only non-mirrored 

stimulus pairs were analyzed and reaction time was additionally only analyzed for correct 

responses. The data was further processed in R (version 3.5.1; R Core Team, 2018) to obtain 

valid data. As it was an online experiment with a twenty-minute intervention, the data had to be 

scrutinized, processed, and filtered regarding participants‘ compliance and other factors to 
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accomplish valid data. As such, the data were examined and filtered according to predefined 

guidelines regarding time-stamps and noticeable behavioral data anomalies.  

As the last question of the questionnaire, the participants were asked to declare honestly 

whether they had been attentive and participated committedly throughout the experiment. 

Accompanying this question, the information was given that the credits for participation would 

be attained in any scenario. As a result, 36 participants declared that they had occupied 

themselves with other things such as using their mobile phones or cooking, or that they had 

fallen asleep during the experiment. To examine the remaining sample, all actions throughout the 

experiment were time-stamped. Using this information, an additional filter was a time window of 

30 minutes between the end of the pretest and the beginning of the posttest. Within this time 

frame, the 20-minute intervention was conducted, and thus, whoever took longer to continue the 

experiment by commencing with the posttest was filtered. As a result, six participants were 

filtered. Additional filters and respective inspection of the data led to two more participants to be 

filtered. One took longer than 80 minutes from the beginning of the pretest until the end of the 

posttest, and showed response times in the mental rotation tasks constantly over 30 seconds. The 

other participant had clicked through the tests as fast as possible with reaction times of 10 – 300 

ms, resulting in a total time of 28 minutes. Further filters regarding the behavioral data led to 14 

more participants to be excluded from statistical analysis. For instance, one exclusion criterion 

was having mean accuracy values of less than 80% for non-rotated and non-mirrored figures. 

Moreover, nine participants had accuracy means around 50% and overall short reaction times. 

Another example is one person, who had less than 300 ms and bad accuracy for all figures 

rotated at 180°, which might indicate frustration and the tendency to just skip through the 

experiment. 
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5.3.10 Statistical Analysis 

Statistical analysis was performed according to the first study of this thesis (Bauer et al., 

2022), and Jost et al. (2023) using Linear Mixed-Effects Models using the lme4 package (version 1.1-

21; Bates, Maechler, et al., 2015). Reaction time and cognitive load were analyzed using linear 

mixed models, and accuracy was analyzed using generalized linear mixed models with a binomial 

distribution. Model parameters were estimated by maximum likelihood estimation using the 

bobyqa algorithm wrapped by optimx package (version 2018-7.10; Nash & Varadhan, 2011) as 

optimizer. Model fit was calculated using likelihood ratio tests to compare models with and 

without the fixed effect of interest. The resulting p values were compared to a significance level 

of .05. For multiple comparisons of the same variables, the significance level was Bonferroni 

corrected. Visual inspection of residual plots did not reveal deviations from homoscedasticity or 

normality in any model. For the significant effects and main effects, we report the unstandardized 

effect sizes, and the confidence intervals that were calculated using parametric bootstrapping with 

1000 simulations, in line with recommendations of Baguley (2009), and Pek and Flora (2018). 

Subjective cognitive load analysis was additionally conducted using Cumulative Link 

(Mixed) Models using the Regression Models for Ordinal Data package (ordinal, version 2019.12-10; 

Christensen, 2015). This was done to confirm the results analyzing the cognitive load values rated 

on a Likert-type scale on an ordinal level. This is based on an ongoing debate whether ratings of 

perceived exertion scales or similar Likert-type scales should be analyzed as either interval or 

ordinal data (see Bishop & Herron, 2015). Since both analyses of cognitive load resulted in the 

same model, we report the results of the Linear Mixed-Effects Model for better comparability with 

the other results. 

Model building was based on the research of Barr et al. (2013), and Bates, Kliegl, et al. 

(2015), starting with a model with random intercepts and slopes for every appropriate fixed effect 
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and reducing the model complexity by dropping non-significant variance components. Non-

significant fixed effects were further removed stepwise from the model, that is, effects that least 

decreased the model fit were removed first, and a model only containing significant fixed effects 

remained. Then, non-significant effects were tested for improving the model fit by including 

them in the resulting model. Also, significant effects were tested for worsening the model fit by 

exclusion of the effect. Main effects for significant interactions were tested separately by splitting 

the interaction (see also Jost & Jansen, 2020). The resulting models for each parameter are 

described in the results section. In the tables, all results (i.e., partial interactions, test statistics, and 

confidence intervals) are depicted for effects with p < .05. For .1 > p > .05, the test statistics are 

also depicted. Furthermore, for p > .1, only the test statistics for hypothesis-relevant effects 

(interactions of MF, PP, SEX, and DEG, and selected main effects) are depicted. That means, all 

other effects in the models resulted in p > .1. The TMS scores were analyzed with Mann-Whitney 

tests in R (R Core Team, 2018). All data were visualized using ggplot2 package (Wickham, 2016) in 

R (R Core Team, 2018). 

5.4 Results  

5.4.1 Toronto Mindfulness Scale Scores 

As a measure of state mindfulness, the TMS scores were analyzed. As depicted in Figure 

9, the control groups differ visually from the MF groups. This was confirmed by a Mann-

Whitney test, which indicated that participants‘ scores without MF (Mdn = 23) differed 

significantly to those with MF (Mdn = 30.5), U = 499, p < .001. A similar test revealed no 

significant difference between males (Mdn = 24.5) and females (Mdn = 28), U = 1102, p = .267. 
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Figure 9 

TMS Score Plotted by Condition. 

 

Note. C = control condition, MF = mindfulness condition. The boxes depict the Interquartile 

Range of the 75th percentile (upper) and 25th percentile (lower) of the data, the whiskers depict 

the maximum (upper) and minimum (lower) score (excluding outlier), the black lines depict the 

median, the dots depict the mean (and outlier). 

 

5.4.2 Reaction Time 

As shown in Figure 10, the graphs of the reaction times are closely related. All graphs 

show a positive slope with increasing angular disparity. Visually, the graphs of females are 

consistently lower than the ones for males, being more separated at higher angular disparity.   
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Figure 10 

Reaction Time of the Posttest Plotted Against Angular Disparity and Group. 

 

Note. f = females, m = males, C = control condition, MF = mindfulness condition. Dots 

represent the mean. Bars represent the standard deviation. Both are slightly offset for the groups 

for better visibility. 

 

For reaction time, model construction resulted in a model with random intercepts and 

slopes for PP and DEG by participant, and for DEG by model. PP*MF*SEX*DEG and all 
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respective interactions and main effects were analyzed as fixed effects. Significant differences 

were found for PP*MF*SEX and DEG*SEX (see Table 6). The interaction DEG*SEX shows a 

significant increase in reaction time with increasing DEG, with higher increases for males than 

females. Reaction time increased significantly by DEG, and decreased significantly by PP (main 

effects). Figure 11 illustrates the interaction of PP*MF*SEX. All groups improved from pre- to 

posttest. Males had overall higher average reaction times than females. Visually, for males, the 

mindfulness group improved less than the control group, and vice versa, for females, the 

mindfulness group improved more than the control group. Breaking this interaction into its 

subparts resulted in no significant interactions or main effects. 

Table 6 

Statistical Analysis of Reaction Time (in Seconds). 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 1.49 0.13   1.25, 1.73 
MF*PP*SEX*DEG   χ²(1)=0.01 .974  
MF*PP*DEG   χ²(1)=1.18 .279  
MF*PP*SEX 0.43 0.20 χ²(1)=4.58 .032 0.02, 0.81 
MF*PP   χ²(1)=0.17 .677  
PP*SEX   χ²(1)=0.09 .869  
MF*SEX   χ²(1)=0.11 .735  
DEG*PP   χ²(1)=0.13 .719  
DEG*SEX   χ²(1)=4.16 .041  
DEG*SEX(m) 1.40 0.11   1.18, 1.62 
DEG*SEX(f-m) -0.26 0.13   -0.53, -0.08 
DEG(0°)*SEX(f-m) -0.03 0.17   -0.39, 0.32 
DEG(100°) 1.28 0.08 χ²(1)=35.17 <.001 1.09, 1.46 
PP(pretest) 0.28 0.09 χ²(1)=7.57 .006 0.09, 0.46 

Note. Intercept in this model represents the estimate for SEX = males, angular disparity (DEG) = 

0°, pre-posttest (PP) = post, and no mindfulness (no MF). Effect of SEX represents the 

difference between females (f) and males (m). Effects of angular disparity (DEG) represent 

changes of 100°.  
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Figure 11 

Average Reaction Time Plotted For Sex, Condition, and Pre-Post Test. 

 

 

Note. C = control condition, MF = mindfulness condition, pre = pretest, post = posttest. 

Whiskers depict the Interquartile Range of the 75th percentile (upper) and 25th percentile (lower) 

of the data; the dots connected with a ghost line depict the median. 

 

The results did not support our first hypothesis that mental rotation task performance 

would be better for the mindfulness condition in the posttest (PP*MF ns), and the effect of this 

was neither modified by increasing angular disparity (PP*MF*DEG ns). 
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Regarding reaction time and our other hypotheses, sex differences did not emerge for the 

main effect (SEX), but for the interaction PP*MF*SEX, indicating different improvements 

through the mindfulness induction in interaction with sex and pre-post testing. The results were 

in line with the mental rotation paradigm, showing increasing reaction times with increasing 

angular disparity. Our hypothesis that higher improvements would show for larger angles in the 

posttest was not confirmed (PP*DEG ns). However, PP and DEG both showed significant main 

effects, indicating an overall improvement from pre- to posttest, as well as the general negative 

effect of increasing angular disparity on reaction times. Additionally, the interaction DEG*SEX 

indicates that over all tests, increases in angular disparity affected the performance of males 

significantly more than females. 

5.4.3 Accuracy 

In Figure 12, the graphs of the proportion of correct answers are closely related. All 

graphs start similarly at zero degrees and show a negative slope with increasing angular disparity. 

Visually, the graph of the female control group is lower than the other graphs for 90 and 135 

degrees of angular disparity. Also, visually the graphs of the control groups tend to be slightly 

lower than the mindfulness groups. 

Similar to reaction time, model construction for ACC resulted in a model with random 

intercepts and slopes for PP and DEG by participant, and for DEG by model. 

PP*MF*SEX*DEG and all respective interactions and main effects were analyzed as fixed 

effects. Significant differences were only found for DEG and PP (see Table 7). Accuracy 

decreased significantly by DEG, and increased significantly by PP.  
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Figure 12 

Accuracy of the Posttest Plotted Against Angular Disparity and Group. 

 

Note. f = females, m = males, C = control condition, MF = mindfulness condition. Dots 

represent the mean. Bars represent the standard deviation. Both are slightly offset for the groups 

for better visibility. 
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Table 7 

Statistical Analysis of (Logarithmic Odds of) Accuracy. 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 3.89 0.17   3.54, 4.26 
MF*PP*SEX*DEG   χ²(1)=0.12 .725  
MF*PP*DEG   χ²(1)=0.08 .781  
MF*PP*SEX   χ²(1)=0.47 .496  
MF*PP   χ²(1)=0.01 .969  
PP*SEX   χ²(1)=0.04 .848  
DEG*SEX   χ²(1)=1.04 .308  
DEG(100°) -1.26 0.10 χ²(1)=31.43 <.001 -1.45, -1.06 
PP(pretest) -0.45 0.18 χ²(1)=4.86 .028 -0.83, -0.07 

Note. Intercept in this model represents the estimate for the logarithmic odds for SEX = males, 

angular disparity (DEG) = 0°, pre-posttest (PP) = post, and no mindfulness (no MF). Effect of 

SEX represents the difference between females (f) and males (m). Effects of angular disparity 

(DEG) represent changes of 100°. 

 

Similar to reaction times, the results for accuracy did not support our first hypothesis that 

mental rotation task performance would be better for the mindfulness condition in the posttest 

(PP*MF ns), and the effect of this was neither modified by increasing angular disparity 

(PP*MF*DEG ns). 

Regarding accuracy and our other hypotheses, sex differences emerged neither for the 

main effect (SEX) nor for the interactions. The results were in line with the mental rotation 

paradigm, showing decreasing accuracy rates with increasing angular disparity. Our hypothesis 

that higher improvements would show for larger angles in the posttest was not confirmed 

(PP*DEG ns). However, PP and DEG both showed significant main effects, indicating an overall 

improvement from pre- to posttest, as well as the general negative effect of increasing angular 

disparity on accuracy rates. 



Second Study: The Effect of a Mindfulness Session on Mental Rotation Task Performance and 

Subjective Cognitive Load 98 

 

5.4.4 Subjective Cognitive Load 

The differences of the (self-reported) subjective cognitive load are depicted in Figure 13 

and indicate an overall reduction of perceived cognitive load in the posttest for all groups. The 

groups show similar values, with smaller dispersion for males. 

Figure 13 

Changes of Subjective Cognitive Load (Posttest – Pretest Values) Plotted by Group. 

 

Note. f = females, m = males, C = control condition, MF = mindfulness condition. The boxes 

depict the Interquartile Range of the 75th percentile (upper) and 25th percentile (lower) of the 

data, the whiskers depict the maximum (upper) and minimum (lower) score (excluding outlier), 

the black lines depict the median, the dots depict the mean (and outlier). 
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The model building for cognitive load resulted in a model with random intercepts by 

participant. PP*MF*SEX, all respective interactions and main effects, and RT-Sum were analyzed 

as fixed effects. The cognitive load decreased significantly by PP, and increased significantly by 

RT-Sum (see Table 8). With regard to the inclusion of RT-Sum in the model, we inspected the 

data for possible collinearity problems. All variance inflation factors were smaller than three 

(maximum of 1.03), that means, collinearity was not an issue (see Zuur et al., 2010). 

Table 8 

Statistical Analysis of Subjective Cognitive Load. 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 3.69 0.26   3.19, 4.17 
MF*PP*SEX   χ²(1)=0.16 .691  
MF*PP   χ²(1)=0.54 .463  
PP*SEX   χ²(1)=0.28 .596  
PP(pretest) 0.67 0.13 χ²(1)=24.37 <.001 0.44, 0.94 
RT-Sum 0.08 0.03 χ²(1)=6.75 .009 0.02, 0.14 

Note. Intercept in this model represents the estimate for SEX = males, pre-posttest (PP) = post, 

and no mindfulness (no MF). Effect of SEX represents the difference between females (f) and 

males (m). 

 

With the variable RT-Sum having an impact on cognitive load, we exploratively analyzed 

this variable more. It is important to note that this analysis is different from the analysis of 

reaction times by item, which is only conducted for non-mirrored and correctly answered ones. 

The total sum of reaction time describes the amount of time per block (pre- or posttest), in 

which participants needed to respond to all 150 items. Statistical analysis showed significant main 

effects for PP and SEX. Both sexes have smaller sums of reaction times in the posttest than 

pretest. Additionally, males have overall higher values than females in both pre- and posttest. For 
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this analysis, collinearity was not a problem, as all variance inflation factors were smaller than one 

(see Zuur et al., 2010). 

In the results for subjective cognitive load, there was no evidence for our second 

hypothesis that self-reported cognitive load would be influenced by the mindfulness induction 

and be lower in the posttest (PP*MF and MF ns). Our third hypothesis was confirmed, as 

subjective cognitive load decreased overall from pre- to posttest (PP sign.). In our fourth 

hypothesis, we expected subjective cognitive load for pre- and posttests to be linked to the 

overall sum of reaction times. This was confirmed, as increasing overall response time led to 

higher values in subjective cognitive load (RT-Sum sign.). 

Regarding subjective cognitive load and our other hypotheses, no sex differences emerged 

neither for the main effect (SEX) nor for the interactions. In the explorative analysis of the 

variable RT-Sum, the sums of reaction times decreased from pre- to posttest for all groups, and a 

significant main effect of sex indicated that females had overall lower reaction time sums in both 

tests. 

5.5 Discussion 

5.5.1 Toronto Mindfulness Scale Scores 

All participants had to fill out a TMS questionnaire. The TMS scores were then analyzed 

to determine whether the mindfulness induction had the wanted effect. The participants of the 

mindfulness groups showed overly high scores for state mindfulness in the experiment (see Lau 

et al., 2006). These scores are similar to the ones Weger et al. (2012) reported for their 

mindfulness groups. The participants of the control groups showed significantly lower scores. 

Therefore, the twenty-minute mindfulness induction elicited a significant main effect on state 

mindfulness. 
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5.5.2 Mental Rotation Performance 

Based on our hypotheses, the focus was on the interaction between mindfulness and pre-

post testing, which would illustrate the changes in behavioral performance resulting from the 

treatment. As we expected these changes to be larger for tasks of higher difficulty, we added 

angular disparity to the modeling. In addition, we examined exploratively whether sex had an 

influence. 

In the analysis for reaction time, the interaction between pre-post testing, mindfulness, 

and sex was significant. This indicates that in interaction with the mindfulness induction or 

control condition, men and women showed significantly different changes between the pre- and 

posttest. Visual inspection of the reaction time averages (see Figure 11) might indicate that men 

improved more in the control condition than in the mindfulness one, and that women improved 

more in the mindfulness condition than the control one. Dividing this three-way interaction into 

its subparts resulted in no significant effects. Due to the filtering of many participants, the 

explorative analysis of this three-way interaction was underpowered. The effect size of this 

interaction could be taken into account for future studies for sample size estimations. 

However, another interaction was significant, that is, sex interacted with changes of 

angular disparity. This means that in both tests, reaction time increased more for men with higher 

levels of angular disparity than it did for women. Hence, in both conditions, women seemed to 

be less susceptible to the higher difficulty due to larger rotation angles between the figures. 

For accuracy, no interactions between pre-post testing and mindfulness emerged as 

significant, indicating that no effects regarding the mindfulness induction can be observed. In the 

model, angular disparity and pre-post testing were the only significant variables. This could be 

explained by the actuality that in mental rotation tasks, a speed-accuracy-tradeoff always happens. 
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Here, accuracy undergoes smaller changes than reaction time and is therefore less influenced by 

different variables (see e.g., Hertzog et al., 1993; Wickelgren, 1977). 

With regard to our first hypothesis, no significant differences in the performance 

manifested between the two treatment conditions. Only with the addition of sex in the 

interaction, the groups differed significantly in the model. This is interesting, as other 

chronometric mental rotation studies (e.g., Jansen-Osmann & Heil, 2007; Voyer et al., 2006) 

reported no sex differences in mental rotation performance of 3D cube figures. Considering the 

effective change in state mindfulness, the embodied meditation treatment could have had more 

impact on attentional control for the women, whereas the men may have profited more from the 

control condition (see Lutz et al., 2008). This could mean that the embodiment effects were less 

beneficial for the men. However, as no further interactions or main effects regarding these 

interactions with sex emerged, the conclusions of this three-way interaction are limited. Future 

research could analyze this further to determine more details. 

Altogether, our results did not confirm our hypothesis that task performance would be 

better after the mindfulness induction. Within the three-way interaction, there is only a visual 

indication that women might have benefited more from the mindfulness induction than men did. 

This stands in contrast to the findings of Weger et al. (2012), on which our hypothesis was based. 

In the study with mathematical tests, the authors reported a significant main effect of a brief five-

minute mindfulness intervention (eating two raisins) versus a control condition. Similarly, in their 

recent study with psychometric mental rotation tasks, Rahe and Jansen (2023) reported a 

significant effect of a five-minute mindfulness intervention (eating two candies). As our 

intervention was recorded by a professional instructor and lasted longer (i.e., twenty minutes) 

than the ones Weger et al. (2012), and Rahe and Jansen (2023) induced (i.e., five minutes), and 

with the TMS scores demonstrating a significant difference in elicited state mindfulness in the 

intervention group compared to the control group, the different results regarding the (non-
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)existence of mindfulness effects are noteworthy. These differences might not only derive from 

the different treatment durations in the studies, but also the different forms of focused attention 

meditation. The body-scan and the raisin-/candy-eating both involve aspects of embodiment. 

According to the embodied cognition approach, they would thus elicit respective embodiment 

effects. By design, the body-scan incorporates more the whole body and the sensations regarding 

several body areas. In contrast, the eating meditations involve more focus on the hands and the 

mouth, and respectively touch and taste. This tactile and taste sensory information could lead to 

more pronounced or different embodiment effects, which seem to influence cognitive 

performance more impactfully. As brief mindfulness inductions can influence the working 

memory (e.g., Beilock et al., 2007), the effects may be more pronounced for the eating than the 

body-scan treatment. 

In line with the paradigm for chronometric mental rotation tasks, changes in angular 

disparity significantly influenced behavioral data. Higher angular disparity between the two 

pictures resulted in higher reaction times and lower accuracy. Differences between the reaction 

times of pre- and posttest can be observed, with worse performance values in the pretest. These 

outcomes can be explained as typical learning effects in a pre-post experimental design. 

5.5.3 Subjective Cognitive Load in the Mental Rotation Task 

Regarding the analysis of subjective cognitive load, in our third hypothesis, we expected 

reduced load for the mindfulness condition in the posttest. This hypothesis was based on the 

effects of embodied mindfulness (such as the body-scan meditation used here) to influence the 

brain‘s introspective systems (underlying conscious experience of emotion, motivation, and 

cognitive operations) to elicit improvements in cognitive tasks (see Niedenthal et al., 2005) and 

reduce subjective cognitive load. However, our analysis showed no evidence in support of this 

hypothesis. The mindfulness induction and the control condition did therefore not differ 
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significantly in their effect on subjective cognitive load. However, for all groups, the subjective 

cognitive load decreased from the pretest to the posttest, confirming our third hypothesis. First, 

this result could be explained by learning and habituation effects, which could lead participants to 

ascertain task difficulty and resulting cognitive strain to be lower in the second mental rotation 

part of the experiment. Second, both conditions involved listening to a voice for twenty minutes. 

While the TMS scores indicate that there was a difference in elicited state mindfulness induction 

between the condition groups, possible effects of just concentrating and listening to a recording 

can still have an influence for both groups. For instance, participants could have experienced 

both conditions to calm the mind and thus reduce arousal. This notion could be supported by the 

findings of Jürgens et al. (2018). In their study, they measured arousal differences via 

pupillometry for different levels of affective prosodic utterances. In the presentation of neutral 

prosodic stimuli, the pupil sizes were significantly lower than for joyful or angry ones. Similarly, 

in our study, the control condition was chosen to be neutral, which could mean that the control 

condition could lead to lower levels of cognitive effort. Thus, aside from the other effects of the 

embodied meditation practice, both conditions could therefore have led to lower overall 

estimations of subjectively perceived cognitive load, whose range of possible differences resulted 

as non-significant. 

In our fourth hypothesis, we expected participants‘ subjective cognitive load for pre- and 

posttests to be linked to their overall sums of reaction times. The significant main effect of the 

reaction time sums confirmed this hypothesis. This means that with increases in the summed 

reaction times, participants would rate their subjective cognitive load higher. As this variable was 

only measured twice, that is, every time after completing the whole test block in pre- and 

posttest, the longer perceived time to complete these blocks seems to influence the subjective 

rating of cognitive load. This could also be in part due to familiarization with the mental rotation 

test. Notably, changes of subjective cognitive load did not get fully explained by effects of pre-
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post testing, but the sums of the reaction times still predicted a significant portion of the changes 

of subjective cognitive load in the statistic model. 

As the sums of all the reaction times resulted to have a significant effect, we further 

analyzed this variable exploratively. In the analysis, these sums decreased from pre- to posttest 

for all groups, also illustrating possible learning effects. Furthermore, a significant main effect of 

sex emerged, indicating that women had overall lower sums of reaction times in both tests. This 

is interesting, as no main effect of sex differences emerged in any other analysis of the dependent 

variables. One minor difference is only the lower variance in the data of cognitive load for men. 

In the analysis of sex differences for subjective cognitive load, no interaction or main 

effects were significant. Overall, both sexes rated the pre- and posttest similarly. Men only show a 

smaller variance compared to women. As part of their study on the link between mental rotation 

and physical exercise, Jost et al. (2023) analyzed subjective cognitive effort for mental rotation 

task blocks. In their analysis with 22 women and 19 men, they found a significant main effect of 

sex, with subjective cognitive effort being significantly lower for women than men. On the other 

hand, in the pupillometric study of Campbell et al. (2018), women showed higher cognitive 

load—or used more attentional resources—than men in mental rotation tasks of abstract figures. 

Taking into consideration that the measures of cognitive load differ between this study and 

Campbell et al. (2018), our findings did neither confirm their results, nor the findings of Jost et al. 

(2023), as no differences emerged. As a conclusion, both sexes solved mental rotations tasks with 

cube figures of similar difficulty and rated their subjective cognitive effort similarly. Our last 

study showed corresponding results regarding the sex differences in cognitive effort objectively 

measured via pupillometry (see the first study of this thesis; Bauer et al., 2022). Hence, our 

findings in this study provide further evidence that men and women perceive (and probably 

need) the same cognitive load for the solution of cube figure tasks. These possible effects will be 



Second Study: The Effect of a Mindfulness Session on Mental Rotation Task Performance and 

Subjective Cognitive Load 106 

 

analyzed further in Study 3 of this thesis, including an interaction with stereotype threat 

application and analysis of objective measures of cognitive load via pupillometry. 

5.6 Limitations 

Instead of the option to measure subjective cognitive load after every item, we chose to 

only measure it after each block. On the one hand, the results are less detailed and imply a greater 

internal variance for each participant. On the other hand, the common chronometric mental 

rotation task design was maintained and the overall experiment duration was kept to a reasonable 

participation time. However, for future research, more detailed measurements per item could be 

considered. 

One more limitation is the short mindfulness induction. As it was the objective to 

research the effects of a single bout of brief mindfulness induction, it is still important to 

consider that mindfulness general works best through daily practice routine over a longer period 

of time (Rahe & Jansen, 2023). 

As mentioned in the discussion, the filtering in the preprocessing led to a final sample size 

that was smaller than estimated beforehand, resulting in an underpowered explorative analysis of 

sex differences. 

5.7 Conclusion 

In this online study, the twenty minute mindfulness induction resulted in elevated state 

mindfulness for the mindfulness condition, which was significantly different to the control 

condition. The main effects of the mindfulness induction were not significant in any of the 

dependent variables; however, an interesting three-way interaction emerged between pre-post 

testing, mindfulness, and sex for reaction times. This interaction indicated that women might 

have benefited more from the mindfulness induction and men more from the control condition. 

Additionally, the models showed that men‘s performance was more affected by increasing levels 
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of angular disparity than women‘s in pre- and posttest. Analysis of subjective measures of 

cognitive load showed reduced load in the posttest as well as a connection to reaction times. In 

the model, larger sums of reaction times would lead to significantly higher levels of subjective 

cognitive load. This variable was analyzed exploratively and showed sex differences, with men 

taking significantly longer than women. As this was not the main interest of this study, this 

variable could be analyzed further in future research. 
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6 Third Study: The Effect of Mindfulness and Stereotype Threat in Mental 

Rotation: A Pupillometry Study2 

6.1 Summary 

In this study, the effects of a brief mindfulness intervention and a stereotype threat 

activation on behavioral performance and cognitive load in a chronometric mental rotation test 

with cube figures were investigated. 107 participants (55 women and 52 men) were divided into 

four test groups (mindful or control intervention combined with or without stereotype threat 

activation). They completed two sets of 150 items each with cube figures of similar complexity 

and filled out a test of state mindfulness. Cognitive load was measured by changes in pupil 

dilation using eye tracking. Cognitive load, reaction time, and accuracy were analyzed with linear 

mixed models with the factors time, stereotype threat, mindfulness, angular disparity, and sex. 

The analyses revealed no sex differences in either of the measurements. Neither stereotype threat 

nor mindfulness influenced task performance significantly. However, we found that high levels of 

state mindfulness inhibit stereotype threat to negatively influence task performance and cognitive 

load.  

6.2 Goals and Hypotheses 

With mathematical abilities and mental rotation performance being related (Xie et al., 

2020) and mental rotation also being partially stereotyped (e.g., Heil et al., 2012; Moè & Pazzaglia, 

2006), the reported effects of Weger et al. (2012) in mathematics might also apply to mental 

rotation tasks. Our goal was to conduct a study designed in close relation to Weger et al. (2012). 

In their study, they tested the effects of stereotype threat on women (N = 71) in a 2x2 mixed 

design. Similarly, our participants performed mental rotation tasks and were also assigned to four 

                                                 

2 The results presented in this chapter were published in advance in: Bauer, R., Jost, L., & Jansen, 
P. (2021). The effect of mindfulness and stereotype threat in mental rotation: a pupillometry study. Journal 
of Cognitive Psychology, 33(8), 861-876. 
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condition groups with or without mindfulness intervention and with or without stereotype threat. 

In addition to this, we also tested men to compare the results for both sexes. Even more, we used 

pupillometry to investigate if the sex differences in mental rotation are due to cognitive load. The 

following hypotheses were investigated: 

In line with the findings of Weger et al. (2012), we predicted an interaction between 

stereotype threat and mindfulness, with mindfulness only improving the mental rotation 

performance in the stereotype threat condition for women (Hypothesis 1). We expected these 

changes to be larger for tasks of higher difficulty, that is, a higher angular disparity between both 

objects being compared. Mindfulness together with stereotype threat was expected to reduce 

cognitive load by showing lower pupil dilation in the posttest (Hypothesis 2). Stereotype threat by 

itself was expected to increase cognitive load (Hypothesis 3). In form of additional hypotheses, 

we expected an influence of reaction time on pupil dilation due to their close relation indicating 

cognitive effort. Furthermore, we expected a time effect of angular disparity, that is, greater 

performance improvements in the posttest for higher angular disparity. The effect for sex 

differences will be analyzed, too, exploratively. 

6.3 Methods 

6.3.1 Participants 

In the study, 125 students (61 women) participated and received study credits. Eye 

tracking recording errors led the data of 18 participants to be excluded from further analysis. 

Consequently, 107 students (55 women, mean age (SD) = 20.8 (1.8) years; 52 men, mean age 

(SD) = 21.4 (2.2) years) form the sample for statistical analysis. In the study of Weger et al. 

(2012), the interaction effect of mindfulness on stereotype threat for women was detected with a 

d = .92. The required sample size for women was estimated using the software G*power (Faul et 

al., 2007). To ensure a sufficient sample size, the effect size of d = .92 (f = .46), a power of 0.90, 
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and an alpha value of .05, a sample size of 52 women was estimated for this study (see Brysbaert 

& Stevens, 2018). For participation, unrestricted eyesight at close range or corrected eyesight with 

contact lenses was required, as was no practical experience with mindfulness. Thirty participants 

reported minor theoretical knowledge with mindfulness, and the others reported no knowledge 

of mindfulness at all. Participants were sports and movement sciences students, of which 68 

reported no experience with mental rotation tasks, 19 reported having participated in one mental 

rotation task experiment, and 20 reported having participated in two or three mental rotation task 

experiments prior to this experiment. In total, the test sample had an average of 0.61 mental 

rotation task experiment experience prior to this study. To mitigate possible experience effects, 

participants were required not to have participated in any mental rotation task experiment within 

the six months preceding this experiment. Participants were free from eye injuries and reported 

no relevant physical or mental limitations. Informed consent was obtained from all individual 

participants. The experiment was conducted according to the ethical declaration of Helsinki. We 

communicated all considerations necessary to assess the question of ethical legitimacy of the 

study. 

6.3.2 Conditions 

Participants were assigned to one of four test groups in a counterbalanced order. The 

intervention after completing the first block of mental rotation tasks depended on this assigned 

group. This intervention was either a five-minute mindfulness intervention, during which the 

participants listened to recorded instructions by a professional Mindfulness-Based Stress Reduction 

instructor to eat two raisins in a mindful manner, or a control intervention, during which the 

participants were instructed to eat two raisins in a five-minute break sitting silently in their chair. 

Following this, participants either did or did not receive a stereotype threat condition from the 

investigator. The stereotype threat consisted of informing the participant that he or she was 

taking part in an experiment about ―why women/men are always better in solving mental 
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rotation tasks‖ (always using the respective counterpart to induce the stereotype threat). This was 

similar to the approach of Weger et al. (2012) to present a standardized brief stereotype threat in 

one sentence (see also, Colzato et al., 2016). Thirteen men were assigned to each of the four 

conditions (control/noST, control/ST, mindfulness/noST, or mindfulness/ST). Thirteen women 

were assigned to the control condition without stereotype threat, and 14 to each of the other 

three. 

6.3.3 Setup 

Stimulus presentation and response handling were controlled with Presentation® 

software (Version 20.1 Build 12.04.17, Neurobehavioral Systems, Inc., Berkeley, CA, 

www.neurobs.com) on a Dell Latitude E5540 Laptop, 15‖, 1366 x 768 px, 60 Hz. Below the 

bottom screen border, a RED250mobile (SensoMotoric Instruments GmbH, 2017) eye tracker 

running at 250 Hz was applied. iViewRED software (Version 4.4.26.0, SensoMotoric Instruments 

GmbH, 2017) was used to integrate all screen properties and the position of the tracker relative 

to the screen. With the iViewX_SDK (Version 4.4.10.0, SensoMotoric Instruments GmbH, 

2017), the Presentation® script conducted a 13-point calibration at the start of each run. 

Calibration accuracy in form of vertical and horizontal dispersion was reported to be lower than 

0.3° for all participants. The iViewRED software depicts the distance of the eyes to the screen. 

All participants were seated close to a table while placing the head on a sturdy chinrest. Then, the 

laptop was positioned with the screen being at 60 cm from participants‘ eyes. Two tables at 

different heights were used. On the lower table, participants had their arms and chinrest. The 

laptop with the eye tracker was placed on the higher table to prevent participants‘ movement in 

form of possible small vibrations to corrupt data collection. The participant used a wired mouse 

for task response to control for input lag. The laboratory was silent and dimly lit to control for 

pupil dilation due to light conditions. The only light sources were a ceiling lamp outside the 

peripheral visual field of the participant and the laptop screen (luminance 1.04 cd/m2 for all 
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model figures; measured with a spot meter, Chroma Meter CS-100, Minolta Co., Ltd., Japan), 

resulting in a constant illuminance of 22 lx (measured with a lux meter, testo 540, Testo AG, 

Germany). 

6.3.4 Stimuli 

Stimuli consisted of a selection from the stimulus library of Peters and Battista (2008). 

Ten cube figure models with rotations around x- and z- axis in 45° steps and mirrored/non-

mirrored orientation (i.e., figures one to ten with a and b orientation in the stimulus library) were 

used with a checkered pattern on black background (see Figure 14). 

Figure 14 

Examples of Mental Rotation Stimuli Used in the Experiment. 

 

Note. Selected from the stimulus library of Peters and Battista (2008). Left: 90° rotation in x-axis. 

Right: 45° rotation in z-axis. 

 

In the main experiment, which was divided in two parts, each part consisted of 150 

stimuli, resulting in a total of 300 different stimuli. The first 150 stimuli were figures one to five, 

and the second 150 stimuli were figures six to ten of the stimulus library (Peters & Battista, 2008). 

The order of the stimuli in each block was first randomized once and then counterbalanced in 

their order over all participants. On the left side of the screen, every model was presented in 
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orientation a, rotated by 30° in x direction and 15° in z direction, so that the base model for x or 

z rotation was identical. On the right side of the screen, a rotated and mirrored/non-mirrored 

stimulus was presented. Stimulus pictures were sized 400px times 400px and presented vertically 

centered and horizontally positioned 300px to the left or right of the center of the screen until a 

response was given. In the practice block, three different models were presented in overall 24 

practice stimuli (figures 11 to 13 of the stimulus library), that is, four rotations in x-axis and z-axis 

for each model, combined with using each possible angular disparity once and half of the trials 

being mirrored. In the practice session, between the stimuli pairs, participants received feedback 

for 1000 ms (✔- right, ✘- wrong) shown at the center of the screen. In experimental sessions, a 

fixation cross (―+‖) was shown there for 500 ms. 

6.3.5 Pupil Diameter 

Before the practice block, baseline measurements were conducted to later calculate 

comparable pupil diameter data. All ten models were presented in randomized order and only for 

the 0° non-mirrored condition. Participants were instructed that they were about to see some 

pictures, which they only had to look at. The illumination of the screen for all individual figures is 

presented once and can further be used as a controlled baseline for light condition influences 

(Holmqvist et al., 2011). To address these two aspects of the baseline data, participants looked at 

each figure for six seconds. For the time interval from three to five seconds after stimulus onset, 

the average pupil diameter of each eye was calculated for each figure. This time range was chosen 

to reduce the effects of the onset of new visual stimuli and to control for general physiological 

variations. The response in pupil dilation typically occurs within the first few hundred 

milliseconds after stimulus onset, peaks around one to two seconds after stimulus onset and 

continues asymptotically until it returns to baseline values (Beatty & Lucero-Wagoner, 2000; 

Nieuwenhuis et al., 2011). For this reason, longer baseline and stimulus durations are 

recommended, where participants must maintain fixation (e.g., Hayes & Petrov, 2016). In the 
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main experiment, the maximum pupil diameter for each eye was recorded. Then, the difference 

between this value and its respective baseline value was calculated for each item (Beatty & 

Lucero-Wagoner, 2000). Based on the fixation duration of each eye, their weighted mean of 

dilation difference was calculated. Unscrambled pictures were chosen over scrambled ones due to 

most of the screen (background) being black with the latter, resulting in nearly completely black 

pictures. 

6.3.6 Toronto Mindfulness Scale 

As a manipulation check, whether the mindfulness manipulation had the desired effect, 

we used the Toronto Mindfulness Scale (TMS; Lau et al., 2006) as a measure of state 

mindfulness. The TMS was translated to German and included 13 items with five answer 

alternatives (0 = not at all; 4 = very much). For each participant, we computed summed scores 

for all items (see Lau et al., 2006). To prevent priming the participants to focus on mindfulness 

behavior prior to the treatment (either control or mindfulness condition), the TMS was only done 

once after the second mental rotation task block. Thus, these values served as a check, whether 

the treatments showed an overall different effect between the groups. In this study, the internal 

consistency of the questionnaire is acceptable, with the Cronbach‘s alpha of the TMS score being 

0.78. 

6.3.7 Procedure 

The experiment was a single session and lasted between 40 to 50 minutes, depending on 

participants‘ speed to complete all items. Upon arrival, the participant was informed about the 

study protocol (questionnaire, calibration, a mental rotation task block, a short middle part, 

another mental rotation task block, questionnaire, end) and the general intention of the study (i.e., 

investigation of mental rotation with eye tracking; no information was given about the conditions 

or pupillometry), then read and signed the informed consent, and filled out a demographic 
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questionnaire. After positioning the participant with the chinrest at the table and a brief 

explanation of the test protocol, the calibration and baseline were run. The practice session with 

feedback followed, which was introduced by a digitally presented instruction. Participants used 

the right hand for mouse handling and received written instructions to press the left mouse 

button, if the stimuli could be rotated into congruence (non-mirrored, ―same‖), and the right 

mouse button, if the two stimuli were mirrored (―different‖), and to answer as quickly and 

precisely as possible. After completing all practice trials, the calibration and the first part of the 

main experiment were run. Depending on the assigned test group, an intervention (control, 

control/ST, mindfulness, or mindfulness/ST) followed. After another calibration, the second 

part of the experiment was conducted. Following this part, the participant filled out the TMS 

(Lau et al., 2006). In the end, the participant was debriefed. All verbal instructions were 

standardized. 

6.3.8 Study Design 

To analyze cognitive performance, the dependent variables are reaction time (RT) and 

accuracy (ACC). The difference between the maximum pupil diameter and the respective baseline 

pupil diameter for each trial (PD) serves as a measure of cognitive load. Independent variables 

are pre-post experiment setup (PP), mindfulness intervention (MF), stereotype threat (ST), SEX, 

angular disparity (DEG), and their respective interactions. DEG describes the angular disparity 

between the two figures shown on the screen. Since the left image was always presented with 0° 

rotation, the angular disparity depicts the rotation in degrees of the right image. The PD analysis 

includes reaction time as an additional fixed effect. Regarding MF and SEX, the overall TMS 

score is analyzed as a measure for state mindfulness. 
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6.3.9 Data Processing 

For the behavioral data, outliers were determined by a deviance of more than three 

standard deviations from the mean reaction time of all stimulus pairs with the same rotation 

angle and were excluded from all analyses. Because angular disparity is not defined for mirrored 

responses in cube figures (Jolicœur et al., 1985; Shepard & Metzler, 1971), only non-mirrored 

stimulus pairs were analyzed, and reaction time was additionally only analyzed for correct 

responses. Using the SMI software BeGaze 3.7, build 58 (SensoMotoric Instruments GmbH, 

2017), the implemented Raw Data Export with a velocity dependent algorithm (peak velocity 

threshold = 40°/s, min. fixation duration = 50 ms, peak velocity between 20–80% of saccade 

length) was used to determine fixation, blink, and saccade events. 

The data was further processed in R (version 3.5.1; R Core Team, 2018) to obtain valid 

pupil diameter data. If a trial started with a fixation, its starting time was set to 0 (keeping the 

pupil diameter). If the ending time of the eye tracking data was longer than the reaction time 

received from Presentation® for an item, events with the starting time being after the reaction 

time ending got erased (including the respective pupil diameter). Overlapping events at the trial 

end got cut to the reaction time (keeping the pupil diameter). If the eye tracking time ended more 

than 200 ms before the reaction time, the trial was treated as an outlier. The baseline average 

pupil diameter is the weighted mean (by time) of all event fixations during a two second interval 

for each eye. The maximum pupil diameter takes the maximum value of all event fixations that 

have a pupil diameter and is then calculated as a weighted mean (by fixation duration) of the two 

eyes. In the baseline, the values did neither differ between men (mean (SD) = 4.35 (0.76)) and 

women (mean (SD) = 4.49 (0.66), χ²(1) = 1.14, p = .29), nor between eyes (left, mean (SD) = 

4.43 (0.70); right, mean (SD) = 4.42 (0.72), χ²(1) = 0.93, p = .34), but did differ between models, 

χ²(9) = 153.69, p < .001. Based on the same reasoning for behavioral data analysis in mental 

rotation tasks, our pupil dilation analysis was conducted with a dataset filtered similarly to the 
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reaction time dataset, that is, with the maximum pupil diameter excluding mirrored items and 

wrongly answered ones. This is also in line with the database selection used by Campbell et al. 

(2018) for pupillometric measurements with mental rotation tasks. 

6.3.10 Statistical Analysis 

Statistical analysis was performed according to Bauer et al. (2022), and Jost et al. (2023) 

using Linear Mixed-Effects Models using the lme4 package (Bates, Maechler, et al., 2015; version 1.1-

21). Reaction time and pupil diameter were analyzed using linear mixed models, and accuracy was 

analyzed using generalized linear mixed models with a binomial distribution. Model parameters 

were estimated by maximum likelihood estimation using the bobyqa algorithm wrapped by optimx 

package (version 2018-7.10; Nash & Varadhan, 2011) as optimizer. Model fit was calculated using 

likelihood ratio tests to compare models with and without the fixed effect of interest. The 

resulting p values were compared to a significance level of .05. For multiple comparisons of the 

same variables, the significance level was Bonferroni corrected. Visual inspection of residual plots 

did not reveal deviations from homoscedasticity or normality in any model. For the significant 

effects and main effects, we report the unstandardized effect sizes, and the confidence intervals 

that were calculated using parametric bootstrapping with 1000 simulations, in line with 

recommendations of Baguley (2009), and Pek and Flora (2018). 

Model building was based on the research of Barr et al. (2013), and Bates, Kliegl, et al. 

(2015), starting with a model with random intercepts and slopes for every appropriate fixed effect 

and reducing the model complexity by dropping non-significant variance components. Non-

significant fixed effects were further removed stepwise from the model, that is, effects that least 

decreased the model fit were removed first, and a model only containing significant fixed effects 

remained. Then, non-significant effects were tested for improving the model fit by including 

them in the resulting model. Also, significant effects were tested for worsening the model fit by 
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exclusion of the effect. Main effects for significant interactions were tested separately by splitting 

the interaction (see also Jost & Jansen, 2020). The resulting models for each parameter are 

described in the results section. In the tables, all results (i.e., partial interactions, test statistics, and 

confidence intervals) are depicted for effects with p < .05. For .1 > p > .05, the test statistics are 

also depicted. Furthermore, for p > .1, only the test statistics for hypothesis-relevant effects 

(interactions of MF, ST, PP, SEX, and DEG, and selected main effects) are depicted. That 

means, all other effects in the models resulted in p > .1. The TMS scores were analyzed with 

Mann-Whitney tests in R (R Core Team, 2018). In all graphs, the depicted data are combined for 

both sexes for better readability. All data were visualized using ggplot2 package (Wickham, 2016) 

in R (R Core Team, 2018). 

6.4 Results  

6.4.1 Toronto Mindfulness Scale Scores 

As a measure of state mindfulness, the total TMS scores were analyzed. Visual inspection 

and test for normality (Shapiro-Wilk) revealed the data to be significantly different from a normal 

distribution. A Mann-Whitney test indicated that participants‘ scores with MF (Mdn = 30.5) did 

not differ significantly to those without MF (Mdn = 27), U = 1693.5, p = .102. A similar test also 

revealed no significant difference between men (Mdn = 28) and women (Mdn = 29), U = 1473, p 

= .791. 

6.4.2 Reaction Time 

As shown in Figure 15, the graphs of the reaction times are closely related, with the 

mindfulness group visually showing slightly higher values for higher angular disparity. All graphs 

show a positive slope with increasing angular disparity.  
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Figure 15 

Reaction Time of the Posttest Plotted Against Angular Disparity and Condition for the Combined Data of Both 

Sexes. 

 

Note. Control, C; stereotype threat, CS; mindfulness, MF; mindfulness and stereotype threat, 

MFS. Dots represent the mean. Bars represent the standard deviation. Both are slightly offset for 

the groups for better visibility. 
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For reaction time, model construction resulted in a model with random intercepts and 

slopes for PP and DEG by participant. PP*MF*ST*SEX*DEG and all respective interactions 

and main effects were analyzed as fixed effects. Significant differences were found for 

DEG*SEX*ST and DEG*PP (see Table 9). The interaction DEG*PP shows a significant 

increase in reaction time by DEG, with higher increases in pretest than posttest. Partial 

interactions show a significant decrease in reaction time for SEX*ST and DEG*ST. Reaction 

time increased significantly by DEG. 

Table 9 

Statistical Analysis of Reaction Time (in Seconds). 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 1.89 0.15   1.59, 2.21 
Hypothesis-relevant Effects      
MF*ST*PP*SEX*DEG   χ²(1)=0.01 .927  
MF*ST*PP*SEX   χ²(1)=2.20 .138  
MF*ST*PP*DEG   χ²(1)=1.14 .286  
MF*ST*PP   χ²(1)=0.09 .771  
MF*PP   χ²(1)=0.01 .914  
ST*PP   χ²(1)=2.39 .122  
DEG*SEX   χ²(1)=0.58 .455  
DEG*PP(pre-post) 0.15 0.05 χ²(1)=8.11 .004 0.04, 0.24 
DEG(0°)*PP(pre-post) 0.22 0.20   -0.17, 0.60 
DEG*PP(post) 1.12 0.12   0.90, 1.36 
DEG(100°) 1.17 0.06 χ²(1)=164.10 <.001 1.05, 1.28 
Additional Effects      
DEG*SEX*ST   χ²(1)=5.25 .022  
DEG*(ST-noST) -0.24 0.11 χ²(1)=4.12 .041 -0.49, -0.03 
DEG*(noST) 1.21 0.09   1.04, 1.38 
DEG(0°)*(ST-noST) 0.39 0.20   -0.03, 0.81  
SEX(w-m)*(ST) -0.55 0.27 χ²(1)=3.94 .047 -1.13, 0.00 
SEX(w-m)*(noST) 0.21 0.19   -0.16, 0.59 
SEX(m)*(ST) 0.29 0.19   -0.11, 0.67 
MF*ST*DEG   χ²(1)=3.05 .081  
MF*PP*DEG   χ²(1)=3.21 .073  

Note. Intercept in this model represents the estimate for SEX = men, no stereotype threat, 

angular disparity (DEG) = 0°, pre-posttest (PP) = post, and no mindfulness (no MF). Effect of 

SEX represents the difference between women (w) and men (m). Effect of ST represents the 
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difference between stereotype threat (ST) and no stereotype threat (no ST). Effects of angular 

disparity (DEG) represent changes of 100°.  
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6.4.3 Accuracy 

In Figure 16, the graphs of the proportion of correct answers are closely related. The 

visually interconnected points of the means show, that all graphs are slightly more apart at zero 

degrees (with large standard deviations; noticeably, the control group had only correct answers) 

and show a negative slope with increasing angular disparity. 
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Figure 16 

Accuracy of the Posttest Plotted Against Angular Disparity and Condition for the Combined Data of Both 

Sexes. 

 

Note. Control, C; stereotype threat, CS; mindfulness, MF; mindfulness and stereotype threat, 

MFS. Dots represent the mean. Bars represent the standard deviation. Both are slightly offset for 

the groups for better visibility. 
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Model construction for ACC resulted in a model with random intercepts and slopes for 

PP and DEG by participant. PP*MF*ST*SEX*DEG and all respective interactions and main 

effects were analyzed as fixed effects. Significant differences were only found for DEG (see 

Table 10). Accuracy decreased significantly by DEG. 

Table 10 

Statistical Analysis of (Logarithmic Odds of) Accuracy. 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 3.62 0.19   3.23, 4.06 
Hypothesis-relevant Effects      
MF*ST*PP*SEX*DEG   χ²(1)=0.01 .918  
MF*ST*PP*SEX   χ²(1)=1.00 .317  
MF*ST*PP*DEG   χ²(1)=2.31 .129  
MF*ST*PP   χ²(1)=0.03 .871  
MF*PP   χ²(1)=0.01 .926  
ST*PP   χ²(1)=1.21 .272  
DEG*SEX   χ²(1)=1.55 .214  
DEG(100°) -1.02 0.09 χ²(1)=90.95 <.001 -1.21, 0.83 
Additional Effect      
MF*PP*DEG*SEX   χ²(1)=3.63 .057  

Note. Intercept in this model represents the estimate for the logarithmic odds at angular disparity 

(DEG) = 0° for SEX = men, no stereotype threat, pre-posttest (PP) = post, and no mindfulness 

(no MF). Effect of SEX represents the difference between women (w) and men (m). Effect of ST 

represents the difference between stereotype threat (ST) and no stereotype threat (no ST). Effects 

of angular disparity (DEG) represent changes of 100°. 

 

6.4.4 Pupil Diameter 

The task-evoked pupil responses are depicted in Figure 17 and show an inclination of all 

graphs with increasing angular disparity. Here, the control group shows constantly lower values 

than the other conditions. The graphs of the other conditions lie closer together.  
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Figure 17 

Changes of Pupil Size (Max-Baseline) of the Posttest Plotted Against Angular Disparity and Condition for the 

Combined Data of Both Sexes. 

 

Note. Control, C; stereotype threat, CS; mindfulness, MF; mindfulness and stereotype threat, 

MFS. Dots represent the mean. Bars represent the standard deviation. Both are slightly offset for 

the groups for better visibility.  
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The model building for the pupil diameter differences resulted in a model with random 

intercepts and slopes for PP and RT by participant. PP*MF*ST*SEX*DEG, RT, and all 

respective interactions and main effects were analyzed as fixed effects. The pupil diameter 

increased significantly by PP*SEX, DEG*ST, and RT (see Table 11). Pairwise comparisons 

showed significant differences between the groups for PP (woman/man), but not for SEX 

(pretest/posttest). The effect of RT in the model indicates an increase of the pupil size change 

with increasing reaction times. 
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Table 11 

Statistical Analysis of Pupil Diameter (in 10-1 mm). 

Variable Estimate SE Test Statistic p value 95% CI 

Intercept 3.15 0.53   1.05, 5.00 
Hypothesis-relevant Effects      
MF*ST*PP*SEX*DEG   χ²(1)=0.06 .812  
MF*ST*PP*SEX   χ²(1)=0.30 .587  
MF*ST*PP*DEG   χ²(1)=0.30 .585  
MF*ST*PP   χ²(1)=0.31 .580  
MF*PP   χ²(1)=1.98 .159  
ST*PP   χ²(1)=2.15 .143  
DEG*SEX   χ²(1)=0.87 .366  
RT 0.33 0.02 χ²(1)=166.46 <.001 0.30, 0.37 
DEG(100°) 0.23 0.52 χ²(1)=22.97 <.001 0.14, 0.37 
PP(pre-post)*SEX(w-m) -0.88 0.43 χ²(1)=3.94 .047 -1.72, -0.04 
PP(pre-post)*SEX(m) 3.11 0.38   2.34, 3.89 
PP(post)*SEX(w-m) -0.10 0.61   -1.22, 1.13 
Split Interaction Main Effects      
PP 2.65 0.31 χ²(1)=25.93 <.001 2.05, 3.26 
PP(w) 2.23 0.38 χ²(1)=20.63 <.001 1.50, 2.99 
PP(m) 3.11 0.37 χ²(1)=27.40 <.001 2.34, 3.84 
SEX -0.74 0.52 χ²(1)=1.89 .169 -1.72, 0.26 
SEX(pre) -0.83 0.54 χ²(1)=2.33 .127 -1.93, 0.23 
SEX(post) -0.13 0.60 χ²(1)=0.05 .827 -1.26, 1.07 
Additional Effects      
DEG*(ST-noST) -0.28 0.09 χ²(1)=9.29 .002 -0.46, -0.09 
DEG*(noST) 0.38 0.07   0.23, 0.51 
DEG(0°)*(ST-noST) 0.15 0.52   -0.92, 1.25 
DEG*ST*PP   χ²(1)=2.97 .085  

Note. Intercept in this model represents the estimate for SEX = men, no stereotype threat, 

angular disparity (DEG) = 0°, pre-posttest (PP) = post, and no mindfulness (no MF). Effect of 

SEX represents the difference between women (w) and men (m). Effect of ST represents the 

difference between stereotype threat (ST) and no stereotype threat (no ST). Effects of angular 

disparity (DEG) represent changes of 100°. 
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6.5 Discussion 

6.5.1 Toronto Mindfulness Scale Scores 

All participants showed overly high scores for state mindfulness in the experiment (see 

Lau et al., 2006). The scores are similar to the ones Weger et al. (2012) reported for their 

mindfulness groups. Interestingly, even the participants without mindfulness intervention in this 

study showed high levels of state mindfulness in the scores, in contrast to significantly lower 

scores of the respective group in Weger et al. (2012). It is important to note that the Toronto 

Mindfulness Scale scores indicate that the brief mindfulness intervention did not have a 

significant main effect on state mindfulness, which was not the expected effect to form the basis 

for the rest of the analysis. Thus, this must be considered regarding the following interpretations 

of the results. 

6.5.2 Mental Rotation Performance 

Based on our hypothesis, the focus was on the interaction between mindfulness, 

stereotype threat, and pre-post testing, which would illustrate the changes resulting from both 

treatments. We expected these changes to be larger for tasks of higher difficulty, which is why 

angular disparity was added to the modeling. Additionally, we examined exploratively whether sex 

had an influence. 

No significant interactions between pre-post testing, mindfulness, and stereotype threat 

emerged in the analysis for reaction time and accuracy, which indicates that no effects regarding 

the treatments of stereotype threat and mindfulness can be observed. For accuracy, the resulting 

model is even more reduced than the one for reaction time, with angular disparity being the only 

significant variable. A possible explanation is that in mental rotation tasks, a speed-accuracy-

tradeoff always happens. Here, accuracy undergoes smaller changes than reaction time and is 

therefore less influenced by different variables (see e.g., Hertzog et al., 1993; Wickelgren, 1977). 
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In general, all groups improved in their reaction times from pretest to posttest. However, 

no significant differences in the performance changes manifested between the four condition 

groups. This statistically renders both treatments, that is, mindfulness and stereotype threat, and 

their respective combinations, as overall ineffective concerning all dependent variables in this 

study. Additionally, the results show no significant sex differences in overall behavioral 

performance. The main effects and interactions for both accuracy and reaction time do not 

indicate any influence of sex in the models. This is in line with other chronometric mental 

rotation studies. For instance, Voyer et al. (2006), and Jansen-Osmann and Heil (2007) also 

reported no sex differences in mental rotation performance of 3D cube figures. 

Altogether, our results did not confirm our hypothesis that task performance would be 

better after the mindfulness induction in the stereotype threat condition. Additionally, all results 

apply to both sexes in the same way in this study. This stands in contrast to the findings of Weger 

et al. (2012), on which our hypothesis was based. With an applied stereotype threat, the authors 

reported better performance due to a brief mindfulness intervention. With our intervention being 

recorded by a professional instructor and lasting the same amount of time, that is, five minutes, 

the intervention aspects of both studies can be expected to be very similar and not likely the 

cause for the differences. 

First of all, the missing stereotype threat effect is astonishing, because in general, 

laboratory effects of stereotype threats are robust, with moderate to small effect sizes (for a 

review, see Spencer et al., 2016). Nguyen and Ryan (2008) reported subtle cues to trigger larger 

stereotype threat effects for women in math than did blatant or moderate ones. However, in 

order to remove threat, blatant strategies reduced stereotype threat effects sizes more than subtle 

strategies did. In this study, the stereotype threat cue could have been too unconcealed to elicit a 

sufficiently strong effect. Additionally, the mindfulness intervention was not targeted on 

removing the stereotype threat per se, and cannot be described as a blatant strategy to reduce it. 
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However, its effects were expected to reduce stereotype threat effects as a consequence. The 

findings of Nguyen and Ryan (2008) also indicated that stereotype threat effects for women in 

math were largest among women who moderately identified with math. Spencer et al. (2016) 

described this as an unfortunate aspect of stereotype threat: that the most dedicated and caring 

people are affected most by negative stereotypes. Participants‘ performance diminishes more 

under stereotype threat, when they identify with the stereotype domain, with their performance in 

the domain being self-relevant (Spencer et al., 2016). Here, mental rotation tasks might be 

different from math tasks. At school, people are confronted with math for several years and 

establish an attitude toward the domain and their respective abilities in it. Specifically, women‘s 

performance can suffer through stereotype threat, because they are ―aware of the widely held 

stereotype threat in our Western culture that women are not as good at math as men‖ (Doyle & 

Voyer, 2016, p. 10; see also Matlin, 2011; Nosek et al., 2002; Tartre & Fennema, 1995). The 

participation in a mental rotation experiment might not cause similarly strong effects, because 

people would not be able to identify and range their own performance level in this domain right 

away. Even more, after the practice trials, no more indication for correct or wrong answers was 

given in this experiment. The participants were therefore oblivious to how well they were 

currently performing, in contrast to mathematical tasks, where the own competence might be 

evaluated to a greater extent. Hence, low levels of stereotype threat effects regarding mental 

rotation task performance might be due to the unfamiliarity with the test and the lack of 

knowledge about one‘s own competence compared to others. Here, the difference between 

psychometric and chronometric mental rotation experiments might also have an effect. Sex 

differences have been reported more in psychometric experiments than in chronometric studies 

(Voyer et al., 1995). It is possible, that the chronometric tests do not only show smaller sex 

differences in performance but are also perceived as less stereotypical. However, it is generally 

the mental rotation ability and not the test design that is assumed to be stereotypical. For 
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example, Hausmann et al. (2009) activated and found gender stereotypes for the item ―imaging 

abstract objects and rotate them mentally‖, which should apply to both psychometric and 

chronometric tests. However, the activated stereotypes only resulted in performances difference 

in a psychometric test and not in other spatial abilities (with no direct comparison with a 

chronometric test). Thus, while it is possible that stereotypes exist for spatial abilities in general, 

these might transfer to performance differences only in specific tests. Furthermore, it has been 

shown that not all women suffer from stereotype threat activation in mental rotation. In one 

study, this stereotype threat effect was only visible in women with a feminine gender role 

orientation (Tempel & Neumann, 2016). For future research, it might be worth analyzing the 

gender role orientation. It is also possible that task difficulty was not sufficiently high enough. 

Other studies have shown that only very difficult tasks were affected by stereotype threat 

(Spencer et al., 1999; Blascovich et al., 2001; Keller, 2007). 

Another possible explanation for our interventions not to show any effects might be our 

test sample. Facing stereotype threat, strong coping abilities are associated with resilience. Inzlicht 

and colleagues (Inzlicht, Aronson, et al., 2006; Inzlicht, McKay, et al., 2006) reported high self-

monitors not to underperform under stereotype threat. The same applies to people with a high 

coping sense of humor (Ford et al., 2004). The participants in this study were students of sports 

and movement sciences. It is possible that this encompasses better coping mechanisms, that is, 

showing stronger minds in terms of failure (Seeley & Gardner, 2003) and therefore not 

underperforming under stereotype threat (Inzlicht, Aronson, et al., 2006; Inzlicht, McKay, et al., 

2006). The results of the analysis of the Toronto Mindfulness Scale scores are in line with these 

interpretations (see above). The high TMS scores might indicate one reason, why the mindfulness 

treatment was statistically insignificant. Having all test groups on high scores already, the extent, 

to which an intervention might elevate state mindfulness, might get rendered insignificant. 
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In line with the paradigm for chronometric mental rotation tasks, changes in angular 

disparity significantly influenced all dependent variables. Higher angular disparity between the 

two pictures resulted in higher reaction times and lower accuracy. Differences between the 

reaction times of pre- and posttest can be observed, with higher values in the pretest. The 

interaction between pre-post and angular disparity shows a higher reaction time increase for each 

degree in the pretest. In addition, the performance increase from pre- to posttest is higher at 

greater angles. These outcomes can be explained as typical learning effects in a pre-post 

experimental design, and have more impact for more difficult tasks, that is, at higher angular 

disparities. 

6.5.3 The Role of Cognitive Effort in the Mental Rotation Task 

Before addressing the hypotheses, we would like to elaborate on possible problems in the 

analysis of pupil size means. In the first study of this thesis (Bauer et al., 2022), we exploratively 

conducted both a baseline correction similar to this study and a trial-dependent baseline 

correction (see Mathôt, 2013; Mathôt et al., 2018; Mathôt et al., 2015), which lead to the same 

results. Both types of baseline correction have advantages (see Holmqvist et al., 2011; Mathôt et 

al., 2018). However, by using short breaks between the trials (i.e., fixation point sections), the risk 

of possible carry-over effects should be of concern for mental rotation experiments. Considering 

our fixation point duration of 500 ms in this study, we used the described baseline correction, as 

it should be slightly better regarding possible carry-over effects. In our last paper, we pointed out 

that future experimenters should 1) keep showing the task and measuring pupil dilation even 

after the response for at least 500 ms, and 2) increase the break between trials to at least two 

seconds (see Bauer et al., 2022). 

Regarding the analysis of pupil diameter differences as a measure for cognitive load, we 

expected reduced load for the mindfulness and stereotype threat condition. The significant 
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interaction of sex and pre-post testing indicates that a cognitive improvement in form of lower 

cognitive load was higher for men than for women, which might be due to men having started at 

a higher level and having more room for improvement than women had (i.e., a ceiling effect 

affecting the women more). These differences were not significant in the main effect for sex, 

however. The main effect for pre-post testing shows an improvement of both sexes over the two 

experiment parts. Furthermore, the interaction solely shows a sex difference for the temporal 

effects of pre-post testing, for instance, through greater learning improvements in men, but does 

not seem to interact with any of the treatments of the experiment. Neither mindfulness nor 

stereotype threat had a statistically significant impact on the cognitive load for both sexes. This 

finding is congruent with our results for behavioral performance. 

Applied stereotype threat leads to the motivation in affected people to disconfirm 

negative stereotypes that target their social identity or at least to avoid confirming it (for a review, 

see Spencer et al., 2016). This inflicts a pressure to succeed that can negatively influence the 

performance through three mechanisms: mere effort, working memory depletion, and conscious 

attention to automatic processes (Spencer et al., 2016). Based on this, stereotype threat should 

indeed increase cognitive load in laboratory experiments, which we also predicted in our 

hypothesis. As discussed above, our stereotype threat application as well as our test sample with 

already high state mindfulness might not have been ideal to establish an impactful stereotype 

threat on the participants. However, for this study, our third hypothesis was rejected. 

In the model, changes in pupil dilation did not get fully explained by variations in angular 

disparity. Reaction time itself still predicted a significant portion of the pupil diameter in the 

statistic model, which is in line with the findings of the first study (Bauer et al., 2022). That is, 

both reaction time and angular disparity had an impact on cognitive load, but none of them alone 

seemed to be sufficient to describe the connection between each other, and to account for task 

difficulty. The relationship between task performance and cognitive load is also modulated by 
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task difficulty, which is hard to control (Coyne et al., 2017). Therefore, the relationship between 

difficulty and cognitive load is probably not linear (Bauer et al., 2022). 

In the study of Campbell et al. (2018), women showed higher cognitive load—or used 

more attentional resources—than men in mental rotation tasks of abstract figures. Our findings 

did not confirm this, as no differences emerged. As a conclusion, both sexes were able to solve 

mental rotations tasks with cube figures of similar difficulty with the same cognitive effort. The 

first study showed similar results regarding the sex differences in cognitive effort (Bauer et al., 

2022). Hence, our findings in this study provide further evidence that men and women need the 

same cognitive effort for the solution of cube figure tasks. The possible effects might get 

analyzed further in future studies using different kinds of stimuli and stereotype threat application 

to be further illustrated. 

6.6 Limitations 

In pupillometry studies, the pupil foreshortening error should be of concern to have an 

influence on the acquired data, especially when looking at areas, which are further away from the 

screen center (Hayes & Petrov, 2016). In our mental rotation tasks, all analyzed image pairs are 

shown at the same positions on the screen. Possible pupil foreshortening errors were not 

expected to systematically differ between conditions, and were neglectable for that reason (see 

Mathôt et al., 2018). 

We conducted this experiment with close similarity to the study of Weger et al. (2012). 

They presented the stereotype threat in one sentence in the instructions and did not include a 

manipulation check after that. We replicated their approach, taking also into account the already 

long participation time for the experiment. Retrospectively, we would recommend using a 

manipulation check questionnaire, as, for instance, Neuburger et al. (2015), and Pennington et al. 

(2019) did. It is also important to note that the data for this study was acquired in only one 
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country. Gender stereotypes differ across countries, which may influence the performance in 

gendered abilities (Moè et al., 2021). Another consideration could be that gender stereotypes 

within age groups may change over the years (Bhatia & Bhatia, 2021). 

One more limitation is the short mindfulness induction. As it was the objective to 

research the effects of a single bout if brief mindfulness induction, it is still important to consider 

that mindfulness general works best through daily practice routine over a longer period of time 

(e.g., Rahe & Jansen, 2023). 

As mentioned in the discussion, the experimental design led to possible carry-over effects 

of cognitive effort, which must be taken into account for interpretation of the results. 

6.7 Conclusion 

No sex differences appeared in either of the measurements, which contributed to the 

different results in chronometric mental rotation test concerning sex differences (see Jansen-

Osmann & Heil, 2007). This study replicated the experimental design of Weger et al. (2012) to 

scrutinize the impact of stereotype threat and mindfulness and showed that the here induced 

stereotype threat had no impact on mental rotation task performance, which was successfully 

applied in former mental rotation studies, but with psychometric tests (Heil et al., 2012). 

However, we found that high levels of state mindfulness inhibit stereotype threat to negatively 

influence task performance and cognitive load. This must be investigated in more detail. 
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7 General Discussion 

The aim of this dissertation was to gather insights about the effects of embodiment, 

mindfulness, and stereotype threat on chronometric mental rotation task performance and 

cognitive load. Possible sex differences were of additional interest. In this chapter, I summarize 

the findings of the three studies, reflect and discuss how they contribute to the broader literature, 

and propose future directions. The chapter ends with a conclusion regarding all elements of this 

thesis (see Lewis et al., 2021). 

7.1 Summary of Dissertation Findings 

7.1.1 Objective 1: Mental Rotation with Abstract and Embodied Figures 

In the first study, we investigated the behavioral performance and cognitive load in 

chronometric mental rotation tests with one abstract and two embodied stimuli types that were 

comparable in shape and color. Sex differences and embodiment effects were analyzed for the 

dependent variables reaction time, accuracy and cognitive load determined via pupillometry. 

Statistical analysis showed no sex differences for any of these dependent variables. However, the 

results indicated better behavioral performance and lower cognitive load for the embodied 

figures, as well as higher cognitive load for higher angular disparity between the figures. In the 

model, reaction time itself predicted a significant portion of the pupil size changes. 

7.1.2 Objective 2: Mental Rotation with Embodied Meditation 

The second study comprises the analysis of effects of an embodied (mindfulness) 

meditation intervention on chronometric mental rotation test performance and subjective 

cognitive load. Sex differences and embodiment effects were analyzed for the dependent 

variables reaction time, accuracy and self-reported cognitive load determined via a Likert-type 

scale after each test block. The main effects of the mindfulness induction were not significant in 

any of the dependent variables; however, a significant three-way interaction emerged between 

pre-post testing, mindfulness, and sex for reaction times (see Figure 11). Additionally, men‘s 
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behavioral performance was more affected by increasing levels of angular disparity than women‘s. 

No sex differences emerged for subjective cognitive load. 

7.1.3 Objective 3: Mental Rotation with Embodied Meditation and Stereotype Threat 

The third study involved a brief mindfulness intervention and a stereotype threat 

induction. Their effects as well as sex differences were analyzed for chronometric mental rotation 

tests, with the dependent variables reaction time, accuracy and cognitive load determined via 

pupillometry. Statistical analysis showed no sex differences for any of these dependent variables. 

Furthermore, neither stereotype threat nor mindfulness influenced task performance significantly. 

However, we found that high levels of state mindfulness inhibit stereotype threat to negatively 

influence task performance and cognitive load. 

7.2 Findings in the Context of Evolving Literature 

7.2.1 Sex Differences in Chronometric Mental Rotation Task Performance 

The possibility of sex differences in mental rotation is an important topic of cognitive 

psychology research, as the found differences favoring men are substantial in psychometric 

mental rotation tests (e.g., Voyer et al., 1995). The interest in the analysis of sex differences 

remains high, as the performance in both mental rotation and STEM fields is connected and 

might also be an important indicator for the presence of fewer women in the STEM fields (see 

Law et al., 2021; Morais Maceira, 2017; Makarova et al., 2019). For chronometric mental rotation 

tests, research shows smaller and mostly non-significant differences (e.g., Jansen-Osmann & Heil, 

2007; Peters & Battista, 2008). Therefore, researchers examine and theorize on the nature of and 

differences between psychometric and chronometric mental rotation tests, for instance, to what 

extent the mental rotation ability or other aspects of the whole cognitive task are involved and 

lead to the found differences between men‘s and women‘s performance (e.g., see Jost, 2022). 

Additionally, with the development of computer-based analysis, both forms of mental rotation 

tests are progressively investigated further. 
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Concerning the chronometric mental rotation tests, the three studies of this thesis add to 

the broad findings in the literature, as none of them show significant sex differences regarding 

the behavioral performance. This is indicated by the respective interactions and main effects in all 

studies. Only in the second study, the reaction time analysis showed a significant three-way 

interaction of pre-post testing, the mindfulness treatment, and sex, which could indicate a 

difference on how men‘s and women‘s performance changed due to the mindfulness condition. 

As mentioned in the second study, splitting up this interaction showed no further significant 

results, which could be analyzed with more test power in future studies. Overall, one main 

finding of this thesis is that the embodiment effects elicited by test stimuli as well as one-time 

embodied mindfulness interventions seem to affect men and women similarly in their 

chronometric mental rotation performance. 

As for the analyses of cognitive load, no significant sex differences emerged in any of the 

three studies. The first and third study included pupillometry as a measure of changes in cognitive 

load per item, and the second study included a Likert-type scale to ascertain subjective cognitive 

load for whole test blocks. To date, there is not yet much literature regarding sex differences in 

cognitive load in mental rotation tests. In contrast to the pupillometric findings of Campbell et al. 

(2018) and the findings for subjective cognitive effort of Jost et al. (2023), our results showed 

similar performance in the mental rotation tasks and similar levels of cognitive effort for each 

stimulus type for both genders. These results regarding embodiment effects of the stimulus 

material coincide with the findings of the second and third study, which neither showed sex 

differences for embodiment effects via focused attention meditation (mindfulness) nor for the 

interaction with stereotype threat. The results for cognitive load are like those for behavioral 

performance, which can be explained by both mental rotation performance (e.g., Jost & Jansen, 

2020) and cognitive load (e.g., Kahneman & Beatty, 1966) being linked to task difficulty (see 

Section 7.2.3). 
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 In summary, all three studies of this thesis provide evidence that men and women use 

similar cognitive effort to solve chronometric mental rotation tasks. 

7.2.2 Embodiment in Chronometric Mental Rotation Tests 

According to Embodied Cognition, the brain incorporates experiences of the whole body 

and combines sensory and motoric information (Barsalou, 2008; Lakoff & Johnson; 1999). 

Hence, embodiment effects can influence the performance in cognitive tasks. Some of these 

effects are observed in embodied mindfulness meditation, which can improve attentional control 

capacity and redirect attention to a current task (Chiesa et al., 2011). 

Regarding the effectiveness of brief mindfulness interventions, Zeidan, Johnson, et al. 

(2010) found that four days of twenty-minute mindfulness meditation training seemed to be able 

to increase the capability to sustain attention. Comparing a mindfulness group and a control 

group—both without prior meditative experience and no difference at baseline measures—they 

found significant effects on cognitive tasks that require sustained attention and executive 

processing efficiency (Symbol Digit Modalities Test, verbal fluency, and hit runs on n-back task). 

The brief mindfulness training led to reduced fatigue and anxiety ratings compared to the control 

group. Zeidan, Johnson, et al. (2010) further concluded that fatigue and anxiety may specifically 

have an impact on information processing. Mindfulness emphasizes achieving a balance between 

a vigilant and relaxed state of mind (Wallace, 2006); and being able to self-regulate emotions was 

indicated to be essential for enhancing cognition (Austin, 1998; Moore & Malinowski, 2009; see 

Zeidan, Johnson, et al, 2010). Consequently, the mindfulness process of increased present 

moment awareness combined with returning attention to a specific object can boost attentional 

stability (Epel et al., 2009; Wallace, 2006; see Zeidan, Johnson, et al, 2010). Brief mindfulness 

training may not only improve mood, but also increase cognitive processing skills, such as 

reducing lapses of attention. One short-term beneficial effect might be an increased focus in 

timed or speeded tasks (Zeidan, Johnson, et al, 2010). Similarly, Tang et al. (2007) reported five 
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days of Integrative Body Mind Training having improved cognitive processes and mood. 

However, as this training includes various techniques (e.g., music therapy, mindfulness, and 

guided-imagery), it is unclear how much of an impact mindfulness had for the improvements. 

Zeidan, Johnson, et al. (2010) point out that extensive training is definitely more effective than 

brief mental training, as consistent training develops persisting changes in well-being and 

cognition (Cahn & Polich, 2006). However, they conclude that shorter training offers extensive 

benefits by being more attractive and easily disseminated, which might persuade individuals to 

start and continue meditation practice, having experienced an effect after one brief training 

(Grossman et al., 2004; Zeidan, Johnson, et al, 2010). 

Regarding even shorter and one-time interventions, in a recent study, Bokk and Forster 

(2022) analyzed the effects of a ten-minute mindfulness intervention on the P300 event-related 

potential, which is a neurophysiological marker of attention (Polich, 2012) and known to be 

highly dependent on expectancy (Bokk & Forster, 2022). They employed a classical oddball 

paradigm, where the somatosensory P300 decreases with higher block numbers (Kida et al., 

2012), which indicates the task not being difficult enough, leading to mind-wandering (Picton, 

1992; see Bokk & Forster, 2022). In meditation-naïve participants, the mindfulness intervention 

prevented the decrease of somatosensory P300 normally observed with task repetition (Datta et 

al., 2007; Kida et al., 2012; Lammers & Badia, 1989; Nakata et al., 2015; see Bokk & Forster, 

2022), which was observed in their control group. This decrease with task repetition suggests a 

habituation effect of diverting attention away from the task (Isreal et al., 1980; Wickens et al., 

1983). The mindfulness group not showing such an effect may suggest either changes in attention 

mechanisms or a preservation of these mechanisms against habituation effects (Bokk & Forster, 

2022). The authors concluded that ―even a short mindfulness meditation prevents the depletion 

of attentional resources on the task‖ (Bokk & Forster, 2022, p. 2027). 

In this thesis, the only significant embodiment effects emerged in the first study, where 

the results showed better behavioral performance and lower cognitive load for the embodied 
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figures. The second and third study involved the analysis of embodiment effects through a single 

focused attention meditation, one form of mindfulness meditation. Neither the twenty-minute 

body-scan nor the five-minute raisin-eating intervention led to significant main effects of the 

mindfulness condition. 

Considering the respective limitations of the studies, overall, the thesis‘s results provide 

evidence that a single bout of brief mindfulness intervention does not give rise to significant 

embodiment effects, neither in mental rotation performance nor in cognitive load. Therefore, to 

elicit a significant improvement in the cognitive task and to reduce cognitive load, both brief 

interventions did not sufficiently influence the introspective systems of the brain, which include 

consciously experiencing emotion and cognitive operations (see Niedenthal et al., 2005). These 

findings stand in contrast to other studies, which reported significant effects, for instance, in 

mathematics (Weger et al., 2012) or psychometric tests (Rahe & Jansen, 2023).  

However, to our knowledge, the second and the third study of this thesis are the only 

ones to date to analyze these effects in chronometric mental rotation, and with the addition of 

cognitive load. Therefore, these studies are a small contribution to fill the gap of evidence about 

whether brief one-time mindfulness intervention could already induce significant changes in the 

cognitive performance of chronometric mental rotation tasks and respective cognitive load. As 

our findings suggest, more instances than only one short mindfulness induction seem to be 

needed to elicit significant effects related to embodied cognition and cognitive load. While the 

elevated state mindfulness scores indicate effective induction in the treatment groups, the 

embodiment effects were statistically not different to the control groups. 

7.2.3 Cognitive Load and Mental Rotation Task Difficulty 

An interesting aspect of the analyses of cognitive load in all three studies is that in all 

models—both for objective and subjective measurements of cognitive load—the variable 

reaction time (with a slight variation in the second study) is always a significant fixed effect. As 
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both task performance and cognitive load are dependent on and modulated by task difficulty 

(Coyne et al., 2017; Jost & Jansen, 2020; Kahneman & Beatty, 1966), the consistent findings of all 

three studies indicate that the relationship between task difficulty and cognitive load might not be 

linear. Thus, while showing trends like behavioral performance, cognitive load might behave 

differently compared to the general paradigm of mental rotation, according to which 

performance is linearly dependent on task difficulty, which is to some extend due to higher 

angular disparity (e.g., Shepard & Metzler, 1971). Regarding the question of a linear dependency 

of cognitive load on task difficulty, in studies on updating tasks, in comparison, overall pupil 

dilation also increases with higher task demands. However, when task demands exceed the 

available cognitive resources, pupil dilation does not seem to increase anymore (see van der Wel 

& van Steenbergen, 2018). For instance, Poock (1973) found that when the cognitive capacity is 

under overload, the average pupil dilation falls below baseline. Other studies using a digit span 

test indicated pupil dilation to occur until reaching an asymptote at a string of nine (Granholm et 

al., 1996) or thirteen digits (Peavler, 1974), and pupil constriction to occur beyond that. The 

timing of the latter seems to be linked to the instructions, that is, whether they point out to 

maintain active rehearsal under overload (Granholm et al., 1996; see van der Wel & van 

Steenbergen, 2018). 

In summary, pupil dilation increases with higher task difficulty, but when working 

memory reaches capacity limitations, the pupil dilation can plateau or drop, which may be 

modified by task instructions (van der Wel & van Steenbergen, 2018). Additionally, the 

relationship between behavioral performance and cognitive effort can also only be reliably 

investigated, when neither floor nor ceiling effects are present in both variables (Norman & 

Bobrow, 1975; see Hockey, 1997; van der Wel & van Steenbergen, 2018). From the viewpoint of 

motivation, very high task demands may lead to disengagement and withdrawal of effort, which 

describes an inverted U-shaped relationship between task difficulty and effort (Brehm & Self, 

1989; also see van der Wel & van Steenbergen, 2018). 
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In mental rotation, task difficulty can be influenced and determined by stimulus 

complexity and angular disparity in different rotation axes. Depending on these factors, both 

floor and ceiling effects have always to be considered to possibly impact the analysis. While the 

graphs of the combined data of pupil diameter differences in the first (Figure 5) and third study 

(Figure 17) generally follow a trend of linear increase, on visual inspection, the increase in the 

third study could be interpreted to be slightly reduced and plateau at higher angular disparity for 

the conditions including stereotype threat induction. This could mean that the stereotype threat 

induction restricted working memory capacity. As such, this tentative interpretation would be in 

line with the findings of the studies on updating tasks (see van der Wel & van Steenbergen, 2018) 

as well as our results of the interaction between angular disparity and stereotype threat in the 

statistical analysis. However, in mental rotation, the findings are still unclear, and future research 

should analyze this relationship between cognitive effort, task performance, and task difficulty in 

more detail. 

7.2.4 Mindfulness and Stereotype Threat 

In mental rotation studies, abstract cube figures are frequently used as stimuli. They can 

be regarded as more male stereotyped and considered as one reason for possible performance 

differences (Rahe et al., 2021; Rahe & Quaiser-Pohl, 2020; Ruthsatz et al., 2014, 2015). While this 

may be true on a population level, our results showed no sex differences in the first and second 

study, and especially in the third study, where the nature of the figures might have had an effect 

with the stereotype induction, such as an enhanced stereotype threat for women. 

In their recent study with younger and older adolescents solving a psychometric mental 

rotation test, Rahe and Jansen (2023) reported a non-significant effect of stereotype activation on 

behavioral performance. The findings of our third study are in line with their results, but not with 

the results on mathematical performance of Weger et al. (2012), who did find significant effects 

with an auditory induction. Overall, the second and the third study confirm the existing literature 
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that mindfulness practice can be a useful tool to elevate state mindfulness. While the third study 

indicated that mindfulness can inhibit stereotype threat to negatively influence task performance 

and cognitive load, the interaction with stereotype threat has to be further analyzed in the future. 

7.3 Limitations 

The three mental rotation studies with analyses of embodiment effects and cognitive load 

resulted in a slightly wider scope on the topic, as the first study involved effects within the test, 

and the others dealt with treatment effects. Also, due to the COVID-19 pandemic, the second 

study could only be designed as an online experiment, which entailed a different measurement of 

cognitive load being used. However, this thesis shows the similarities and interconnectedness of 

the analyses of embodiment effects, cognitive load, and sex differences, and with the third study 

also including stereotype threat. To some extent, the thesis points out the current limited 

knowledge of mental rotation and emphasizes the necessity for further research in this field. 

In all the studies of this thesis, the participants shared mostly similar demographic 

characteristics such as affiliation with the same university or study program, age range, and 

German mother tongue. Some participants may have been involved in more than one study. 

Furthermore, at the institute, several mental rotation experiments are being conducted each year. 

To prevent more recent learning effects, participating students were required not to have taken 

part in any mental rotation study at least six months prior to each study of this thesis. In addition, 

in the third study, participants were required not to have any previous practical experience with 

mindfulness. Still, a transfer to the general population might not be entirely clear, which is a 

common problem in studies with student samples (e.g., see Hanel & Vione, 2016). Additionally, 

all participants in the studies were cisgender. As we investigated sex and/or gender differences in 

behavioral performance and cognitive load within this scope, it was impossible to distinguish 

between sex and gender in the analyses. 
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Although we endeavored to conduct all experiments, data processing, and analyses in 

accordance with state-of-the-art standards and recommendations, future advancements might 

offer new insights and better suited approaches than the currently used methods. Here, regarding 

the recent discussion on the replication crisis in psychology, one limitation may be that we had 

not pre-registered the three studies; however, we conducted all studies in the same manner, as if 

we had. Finally, because of my personal biases and constraints, this thesis may lack sufficient 

depth in some areas to appropriately acknowledge and highlight specific aspects, which may also 

include the uncertainty of the proposed conclusions. Because of that, all interpretations and 

implications should be considered cautiously and further scrutinized with future methods and 

information. 

7.4 Implications for Education, Sports Practice, and Research 

Although the results of this thesis mostly provide evidence for non-significant effects of 

one brief meditation intervention on chronometric mental rotation performance and respective 

cognitive load, I would like to elaborate on possible benefits and applications in practical fields, 

which may result from further research. As mindfulness would be exercised and used on a more 

regular basis in practical application, future research may investigate and elaborate, how many 

short sessions are needed for a beginner meditator to achieve consistent beneficial effects in 

chronometric mental rotation as well as other cognitive tasks and areas, and how short these 

sessions can be. As such, our findings may help to better understand the limitations of 

embodiment and mindfulness, while also considering the potential and benefits shown in other 

studies. 

Overall, the studies of this thesis may add potential for further research, which could 

expand and deepen our knowledge and connect our findings to new insights. These findings 

imply possible transfers and generalizations of practical relevance for education and sports 

practice, which will be elaborated on in the following. 
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7.4.1 Education 

Mindfulness exercises incorporate strategies that can simultaneously regulate attention 

and emotion, with various objectives such as the cultivation of well-being and emotional balance 

(Lutz et al., 2007, 2008). Mindfulness is normally taught and practiced over multiple sessions and 

then cultivated into a habit (e.g., MBSR). Normally, meditation beginners start with focused 

attention meditation and may expand their practices to open monitoring meditation later (see 

Lutz et al., 2008). Consequently, they can become more proficient in regulating their attention, 

which can lead to easier elevating their state mindfulness and maintaining these levels. Over time, 

focused attention meditation can induce a trait change of the practitioners to direct and stabilize 

their focus (Lutz et al., 2008). 

These trait changes could become an important aspect in education, from elementary 

school (e.g., Portele & Jansen, 2023) and middle school pupils (e.g., McKeering & Hwang, 2019) 

up to university students (e.g., Bamber & Schneider, 2016). One positive effect could be the 

general training and resulting improvement of various mechanisms, which could lead to better 

learning and studying conditions. These mechanisms include directing and maintaining 

(cognitive) attention on specific objects and topics, perspective-changing capabilities, emotional 

regulation, and body awareness (see Hölzel et al., 2011). The increase in attentional control could 

lead to better grades, especially in children and adolescents who might have problems in staying 

focused. The introduction to such focused attention skills in a school setting could therefore be a 

good way to educate pupils to become better learners. In education, a lot of the already created 

programs—regarding mindfulness, mindfulness-based awareness, social and emotional learning, 

and others—have the purpose in common to support ―children in cultivating a sense of well-

being so they can thrive and flourish in the daily hustle‖ (Portele & Jansen, 2023, p. 2; see also 

Schonert-Reichl et al., 2015). 
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Regarding the emotion regulation through mindfulness (e.g., Amundsen et al., 2020; 

Portele & Jansen, 2023; Roemer et al., 2015), another benefit could be the mitigation of negative 

effects—for instance, stereotypes, stereotype threats, and anxiety—related to specific topics, such 

as mathematics, physics, or chemistry. Growing up with this support, less gender-stereotyped 

education, and respectively developed mindset, younger generations could be less influenced by 

such negative effects and have more interest and better grades in STEM topics and subjects 

related to mental rotation (see Rahe & Quaiser-Pohl, 2023). At the university, focused attention 

meditation courses could also be offered to students, in a similar way like scientific-writing or 

statistics classes, for example, through program orientations and onboarding courses (introducing 

concepts of mindfulness and services available on campus), or extra-curricular activities like 

tutoring and buddy programs (Bamber & Schneider, 2016; Martin et al., 2022). For example, 

mindfulness was incorporated at medical schools and offered an effective coping strategy for 

students (Hassed, 2021; Phillips, 2015). Mindfulness could easily be integrated into courses by 

doing a short meditation session at the start of didactic courses (Bamber & Schneider, 2016). If 

the education system and, consequently, younger generations incorporate these practices, 

mindfulness might increase success, decrease attrition, reduce stereotype impact, and improve 

academic achievement, for instance, through increased attentional control and emotion regulation 

such as reduction of anxiety and stress (see Bamber & Schneider, 2016). This could also lead to a 

more equal distribution of all genders in the STEM fields in the future. Additionally, it could 

reduce the gender gap and eliminate gender inequalities (e.g., see Breda et al., 2020; Campaña et 

al., 2023). The gender equality and equal opportunities on the labor market could also benefit the 

productivity and capacity of the economy, for instance, of the European Union (Morais Maceira, 

2017). 

7.4.2 Sports Practice 

In addition to the benefits in education and their further reaching implications, there are 

more practical needs and advantages of progressing mindfulness research. Considering all the 
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possible effects, the benefits can be pursued not only for cognitive tasks, but also for motoric 

tasks, which also involve high levels of, for instance, attentional control (see Ducrocq et al., 

2016). As such, combined with emotion regulation, mindfulness can also be beneficial in high 

level sports. For instance, a five-week mindfulness program was found to boost the endurance 

performance and multiple cognitive functions of university athletes (Nien et al., 2020). 

In another study, a mindfulness program of one weekly session of Flow Meditation for 

ten weeks reduced several variables regarding mood, impulsivity, and pre-competition anxiety-

state. The findings indicated that mindfulness can increase the ability of athletes to cope with 

high-level sport pressure and to manage daily life better (Sánchez-Sánchez et al., 2023). 

Furthermore, Dehghani et al. (2018) compared a Mindfulness-Acceptance-Commitment (MAC) 

program with a control group by testing 31 students. The authors found that the MAC 

significantly increased the performance of basketball playing athletes, and significantly decreased 

sports anxiety and experiential avoidance in athletes. Lastly, Vveinhardt and Kaspare (2022) 

analyzed the relationship between mindfulness practices and the psychological state and 

qualification of 371 kyokushin karate athletes. Via a survey including the Mindful Attention 

Awareness Scale (MAAS-15) and the Depression, Anxiety, and Stress Scale (DASS-21), they 

found a positive influence of mindfulness on psychological state and enhanced athletic 

performance, as well as a moderate negative correlation showing a reduction of stress and anxiety 

via mindfulness. They concluded that mindfulness practices are an effective tool to improve the 

physical and psychological state of athletes in preparation for competitions, by reducing 

depression, anxiety, and stress levels, and improving attention (Vveinhardt and Kaspare, 2022). 

Considering these effects and their potential impact on athletes‘ well-being as well as 

performance increase by boosting attentional control, the findings of this thesis suggest that only 

one brief session before an important event is probably insufficient to elicit the desired effects. 
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7.4.3 Research 

There are several possible implications for future research: 

First, the findings of this thesis should be replicated and confirmed, especially regarding 

some of the limitations of our experiments. As these studies were one of the first to investigate 

the described effects in chronometric mental rotation, similar experiments could add weight to 

support or also contradict our findings. The possibility of creating a positive impact on cognitive 

performance due to a brief one-time intervention could have many beneficial implications. As 

described above, useful practices and routines could be developed to teach to pupils and students 

to exercise prior to exams and tests. It could also be beneficial in sports. Therefore, future 

research could create, vary, and compare different practices and techniques to establish an 

impactful one-time intervention to induce the wanted effects. 

Second, coming studies could also focus on identifying the amount of necessary 

mindfulness sessions to elicit effective changes consistently and significantly in behavioral 

performance and cognitive load. For instance, using a six-week yoga and mindfulness 

intervention program, Lemay et al. (2019) found reduced stress and anxiety levels in college 

students and concluded that adopting such a mindfulness practice only once a week may have a 

positive impact on stress and anxiety reduction. Accordingly, future mental rotation studies could 

involve groups with one to four weekly meditation sessions over two to six weeks. At the start 

and end of a fixed time interval, all groups would complete a chronometric mental rotation test 

with a measure for cognitive load in a pre-post-test design. One general accomplishment of this 

endeavor could be an adequately short program for non-meditators to participate in to induce 

effective changes in relatively little time. They could benefit from the positive effects short-term 

and might also consider incorporating mindfulness more long-term into their lifestyle. 

Third, newly developed programs and interventions should be validated and compared to 

other forms of practices. For instance, MacCoon et al. (2012) compared an active control 
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condition (i.e., Health Enhancement Program) to an MBSR program in a clinical context. Their 

purpose was to isolate and test mindfulness as an active ingredient, opposed to other studies that 

solely rely on wait-list control comparisons. Accordingly, different forms of embodied 

mindfulness as well as other possibilities should be further investigated and compared in the 

future. For example, Repo et al. (2022) compared two mindfulness program groups and a control 

group over the course of an academic year and found beneficial effects for—but no difference 

between—the two programs and did find that practicing mindfulness at least twice a week seems 

beneficial to reduce psychological stress in students long-term. Like the mentioned studies and 

approaches, future research on the effects of embodied cognition on chronometric mental 

rotation performance could conduct studies to verify the efficacy of different mindfulness 

programs and include variation regarding the programmed time schedules. 

Fourth, the analysis of sex differences requires further investigation, which also includes 

the similarities and differences with gender differences, and whether they should be regarded as 

the same. As there are many reasons for possible sex differences (e.g., biological, sociocultural, 

and cognitive ones), they should be further analyzed and compared for different sample groups, 

including a variety of genders (e.g., cisgender and transgender; see Burgund, 2021). For 

chronometric tests, this may also include variations in the test design like different time limits or 

variations of stimuli. 

Fifth, the possible reduction of sex differences via training should be further 

investigated—also in combination with the effects that are in focus of this thesis. To date, only 

the study of Geng et al. (2011) exists, where it was shown that participants of both sexes 

responded faster after mindful than mindless learning. These effects as well as the general 

training effects in mental rotation should be scrutinized in the future. Next to the observed 

improvements in speed and accuracy rates in the mental rotation tasks, it would be interesting to 

analyze cognitive load over multiple learning sessions. For example, participants might be able to 
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focus better and thus dedicate more cognitive effort into a single task, but also, overall cognitive 

load could be reduced, as our results of the second and third study indicate. 

Sixth, expanding on the findings of the first study, future studies could further analyze 

variations of the trial layout (e.g., Jost & Jansen, 2020) or the stimulus material (e.g., Amorim et 

al., 2006). This could incorporate different figures (e.g., with varying difficulty) or figure versions 

(e.g., with multiple levels of embodiment), as well as different coloring patterns (e.g., Rahe et al., 

2022). The latter was tested for stereotype activation by stimulus color in psychometric mental 

rotation tests and revealed non-significant effects on the performance (Rahe et al., 2022). To 

build on and expand this knowledge, these findings could be replicated, verified, and adapted for 

chronometric mental rotation performance, while also including sex differences and cognitive 

load analysis. An interesting follow-up study to this thesis could involve the analysis of how the 

embodiment effects of mental rotation stimulus material and mindfulness intervention might 

interact with each other. For example, the effects might be augmented in combination, or a 

ceiling effect might be observed, which could indicate a limited facilitation effect of embodiment 

in this cognitive task. Lastly, this analysis could include sex differences. Another follow-up study 

to this thesis could be to test the embodiment effects of (various) embodied stimuli in interaction 

with stereotype threat induction. This approach could also be followed by integrating different 

forms of embodiment effects (e.g., mindfulness), sex differences, and cognitive load 

measurements. Additionally, new analyses could include pupillometry, but also other measures of 

neurological activity like functional near-infrared spectroscopy (fNIRS) and 

electroencephalography (EEG). 

Seventh, in addition to the impact of treatment design, stimuli differences, learning 

effects, and gender differences, research should verify whether the improvements relate and 

transfer to other spatial abilities and cognitive tasks connected to STEM performance, with 

respect to the aforementioned gap in gender equality in the STEM fields. 
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7.5 Conclusion 

In the three presented studies, we investigated the effects of embodiment—via embodied 

stimuli and embodied mindfulness—and stereotype threat on chronometric mental rotation task 

performance and cognitive load. We also analyzed possible sex differences and provided evidence 

that the effects elicited by embodied test stimuli as well as one-time mindfulness interventions 

affects men and women similarly in their behavioral performance and cognitive load. Regarding 

these variables, the thesis‘s findings also indicate that one brief mindfulness intervention may not 

be enough to induce significant embodiment effects. With the addition of a stereotype threat 

induction, the results of the third study indicate that, generally, higher levels of state mindfulness 

could prevent stereotype threat to influence cognitive performance. Lastly, the first study shows 

that the mental rotation of embodied figures is easier to process and needs less cognitive effort to 

solve the task. 

The overall findings provide possible directions for future research as well as practical 

relevance for education and sports. For the analysis of spatial abilities and cognitive performance, 

future studies could vary the aspects of the tests—using figures that differ in difficulty, 

embodiment, or color pattern—and apply other methods of neurological measurements. 

Furthermore, research should investigate, refine, and validate short effective programs to 

facilitate the usage of embodied mindfulness for non-meditators and laymen. These effective and 

efficient programs could then be integrated at schools and universities to improve emotion 

regulation and attentional control. While being a complex system, a possible long-term benefit 

could be an increased reduction of the gender gap in STEM fields. 

In conclusion, this thesis provides new insights about possibly beneficial aspects of 

embodied cognition and mindfulness on mental rotation ability and cognitive load, and addresses 

sex differences and the influence of stereotype threat. The results may improve and inspire future 

research, and the discussion may highlight the practical importance due to the connection 

between mental rotation, mathematical abilities, and employment in the STEM fields. 
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