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Mental effort and music 
-The dawn of musical effort as a mean for investigating the brain´s norepinephrine system. 
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Abstract 
This study hypothesizes that mental effort will be increase with increased difficulty, 

reflecting increased production of norepinephrine in the locus coeruleus. The aim was to 

confirm previous findings from other studies, and also to pursue a better understanding of 

mental effort through the complex concept that is music. This was measured by recording the 

pupil diameter on three musical pieces with a steady increase in difficulty. Four trials: Sound, 

No Sound, Listening and imagery were included to control for cofounders in each condition. 

In addition to this, the participant filled out questionnaires where the difficulty was assessed 

subjectively on three parameters. 

 

The results showed an increase in pupil diameter with increased difficulty, but a smaller 

effect between the intermediate and hard condition than expected. The results of the imagery 

condition did not give the expected results either. In general we found a main effect of mental 

effort across all conditions, in line with previous studies, and expanded on previous findings. 

More participants are needed for this particular study to generalize the results though.  
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1 Introduction 
 

In this study, pupillometry have been utilized to better understand the cognitive and 

biological underpinnings of mental effort when playing music. We hypothesized that mental 

effort would be increased with increased difficulty, reflecting increased production of 

norepinephrine in the locus coeruleus. This was measured by recording the pupil diameter. 

To make sure we measured this, we controlled for other factors that could influence pupil 

diameter, for example sound, movement and top-down cognitive processes. This study aims 

to confirm previous findings from other studies, and also to elaborate the understanding of 

mental effort through the complex concept that is music.  The assumption that mental effort 

will increase with increased difficulty has been shown on numerous occasions in previous 

studies, but to this papers knowledge it has not been studied in relation to music yet. 

Hopefully this new take on a well-known concept can shed light on some of the workings of 

the Locus coeruleus norepinephrine system. In addition to pupil size, self-rating scales were 

included on three different experienced difficultly levels, which included motoric-, 

emotional- and harmonic difficulty. This was done to establish the predictive force of self-

evaluation, and to have a reference when analysing the temporal data. 

 

Before the study is presented a brief review of the concept mental effort will be given. This 

will serve as theoretical background for the study. Also, pupillometry as a method will be 

reviewed. The field of use is continuously expanding and a few recent studies will be 

presented that is relevant for the design of the study presented in this paper. Then the 

workings of the Locus coeruleus endopinephrine system will be communicated in order to 

facilitate a decent understanding of the biological underpinnings this study aims to 

understand better.  

 

After that the conduction of the experiment will be presented thoroughly, along with the 

results and discussion about which paths that might be interesting to go down in the future. 

This has been granted more space than usual in this paper, since setting a course for future 

studies was the primary aim of the experiment presented in this paper. 
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2 MENTAL EFFORT 
 

2.1 What is mental effort? 
Daniel Kahneman coined the term mental effort. (1973.) Capacity, attention and effort can be 

seen as interchangeable terms, but in this paper the term mental effort will be dominating. 

Mental effort is a limited resource (Otto, Zijlstra, Goebel, 2014) that can be allocated to 

various activities or tasks is limited, and varies with the level of arousal. (Kahneman, 1973.) 

More capacity is available when the arousal is high. A rise in the demand of an activity 

causes an increase in the level of arousal, effort and attention, as can be seen in the figure 

below. The physiological arousal also varies second by second when a subject is engaged in a 

task. These changes correspond to momentary changes in the demands imposed by the task 

(Kahneman, 1973). For example, if you have to split a number by three instead of two the 

task becomes more demanding, and mental effort increased.  

 

 
Figure	  1:	  The	  capacity	  model	  of	  attention	  was	  one	  of	  the	  first	  steps	  towards	  a	  theory	  of	  mental	  effort.	  It	  
assumes	  that	  attention	  is	  limited	  in	  overall	  capacity	  and	  that	  our	  ability	  to	  carry	  out	  simultaneous	  tasks,	  
depends	  on	  how	  much	  capacity	  the	  task	  requires.	  (Kahneman,	  1973.)	  

 

 



2.2 Task-dependent 
You cannot work as hard when recollecting two digits as with a more complicated 

multiplication task (Kahneman, 1973), even though you are given significant incentive to try. 

This indicates that mental effort is limited and affected by the task at hand. Kahneman (1973) 

confirmed this in a study where he measured the diameter of the pupil while giving the 

participants a strong incentive to perform well in terms of a reward. On the easy tasks the 

incentive had marginal effect, and in the difficult, it had none. These results made him 

conclude that the major determent of arousal is the difficulty of the task (Kahneman, 1973). 

In other words, voluntary control over effort is quiet limited. This makes it an interesting 

concept to study, because it gives insights to the biological underpinnings of our cognition.   

Mental effort can also include the continuous monitoring of our surroundings, which 

probably occupies some capacity even in the most relaxed conscious state. This is labelled 

spare capacity. Spare capacity is thought to decrease as the effort invested in the task increase 

(Kahneman, 1973). In other words, the attention is drawn from perceptual monitoring and 

concentrated on the main task. This can be seen in relation to tonic and phasic activation 

(Otto, Zijlstra, Goebel, 2014.), and exploration/exploitation (Franklin et al, 2013), which will 

be elaborated on later. 

 

2.3 Musical effort 
The fact that musical training is not uniformly and systematically imposed in current 

educational curricula makes this natural variety of musically acquired skills a formidable area 

in which to study the effects of training on brain functioning. Musicians represent a unique 

model in which to study plastic changes in the human brain. (Peretz, Zatorre, 2005.) 

Since we specifically looked at mental effort related to music, a brief review of this and 

musical performance will be given as well. Musical performance can include a lot of different 

tasks. This can for example be playing learned pieces from memory, sight-reading and 

improvisation. (Peretz, Zatorre, 2005.) They all rely on a combination of rapid motor skills 

and relatively elaborate cognitive operations, in addition to the perceptual, memory and 

emotional components. The complex nature of musical performance make it really exciting 

when exploring the LC-NE system, since it is hypothesized to be involved in all of the 

functions mentioned above Aston-Jones, Cohen, 2005). The study of musical playing can 

also yield insights into the mental representation used to plan execution specifically, and also 

other cognitive functions like attention and memory. (Peretz, Zatorre, 2005.) 
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2.4 Measures of mental effort 
There are different ways to measure mental effort. One is to look at Dual task performance. 

That is performance that requires you to perform two tasks simultaneously in order to 

compare the performance with single-task conditions. (Heuer, 1996.) Another method is 

metabolic measures. This can include cardiovascular measures and blood glucose. 

(Faiclough, Houston, 2004.) This paper focuses on pupil response, aided by self-rating scales. 

Dilation of the pupil is the best single index of mental effort. Pupil diameter also provides a 

sensitive indication of both between tasks and within-tasks variations of effort (Kahneman 

1973). This made the method perfect for the study presented in this paper, since we wanted to 

see mean differences between the pieces chosen, and also temporal changes within each 

piece. Another good feature is that pupil dilation is a relatively fast response, and major 

dilations can occur within one second after the presentation of demanding stimulus 

(Kahneman 1973). It’s a lot slower than for example fMRI and EEG however, a fact that is 

important to be aware of during analysis. If a difficult chord is played fast on the piano for 

example, the effect of this will not show immediately. Also, arousal and effort are usually not 

determined prior to the action, and they vary continuously, depending on which load is 

imposed by what one does at any instant of time. Pupillometry reflects these changes. 

(Kahneman, 1973.) The claim that pupillary dilations indicate mental effort was made 

already in 1964. (Hess & Polt, 1964.) They found that pupils increased during the solution 

period of mental arithmetic problems. A more thorough review of the chosen method follows 

in the next chapter. 



3 PUPILLOMETRY 
 

3.1 The eye 
The ocular muscles control the amount of light reaching the retina. This is done by dilating or 

contracting the pupil of the eye from diameters between 3 and 9mm. (Hartmann, Fischer, 

2014.) Two muscles, the dilator and the constrictor determine the size of the pupil. The pupil 

size can increase either by the dilator being stimulated, or the constrictor being inhibited. 

(Laeng, Sirois, Gredebäck, 2012.) The ocular muscles are also linked to the norepinephrine 

neurotransmitter system that is indirectly controlled by the locus coeruleus in the brainstem. 

The locus coeruleus plays an important role in attentional processes, enabling the use of 

pupillometry as a window to changes in the state of mind (Hartmann, Fischer, 2014). This 

link has established a relationship between changes in pupil diameter that is smaller than 

1mm with cognitive effort. (Hartmann, Fischer, 2014). That is, increases in the production of 

norepinephrine results in a slight increase in the pupil diameter.  

 

3.2 Pupillometry 
Pupillometry is the measurement of pupil diameter, and has been used as a method at least 50 

years in psychology. (Laeng, Sirois, Gredebäck, 2012.) Pupillometry has proved itself as a 

good measurement of cognitive processes (Hartmann & Fischer, 2014).  It has given 

researchers an important additional tool because of the high temporal solution, and its non-

invasive nature compared to for example fMRI. It has for example been used successfully to 

measure mental activity, changes in mental state and with regards to attention (Laeng, Sirois, 

Gredebäck, 2012). Commercialized eye-trackers today can provide high-speed recordings up 

to 2000Hz. This enables more accurate recordings than ever, with tracking errors typically 

being lower than 0.5 degrees. (Klingner, Kumar, Hanrahan, 2008.) Technological advances 

are likely to continue, and eye tracking will probably become an even better and more 

reliable measure in the future. Common eye tracking devices can record without affecting 

participants’ behaviour during a lot of different perception tasks, but as with every method, 

caution must be exerted also when interpreting pupil size. For example pupil size can be 

underestimated or overestimated depending on which direction you look (Hartmann & 

Fischer, 2014). Gaze dependent biases can be corrected for though, but results have to be 

treated with care (Choey, Blake, Lee, 2016), even though there are good methods to correct 
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for equipment specific biases methodologically. (Brisson et al, 2013.) Between all this, 

merely squinting or gaping with the eyes will quickly bias cognition towards better 

discrimination or better detection respectively. The eyes continue to be an evermore-complex 

set of filters for the mind (Hartmann, Fischer, 2014.) An important thing to know is that 

pupillometry reflects BOLD activity in the region of interest for this paper.  

 

3.3 Pupillometry and BOLD activity 
The locust coeruleus-noradrenergic neuromodulatory (LC-NE) system has been implicated in 

a broad array of cognitive processes, but a scope for investigating this system in humans has 

been limited by an absence of reliable non-invasive measures. Pupillometry has been used as 

a proxy measure of locus coeruleus (LC) activity, but empirical evidence for the relationship 

where lacking for a long time. A recent study by Murphy, O´Conell, O´Sullivan, Robertson, 

and Balsters (2014), found a clear relationship between pupil diameter and BOLD activity 

localized to the human LC. This indicates that pupillometry is a reliable method for 

investigating mental processes. (Murphy et al 2014.) This paper is making an effort to utilize 

pupil diameter to achieve a more comprehensive understanding of the role of the LC-NE 

system in human cognition. Some key concepts that influence pupil size will be reviewed in 

following sections, to give an idea of what was important to control for in the experiment. 

 

3.4 Learning 
Learning is important for the design of the experiment in this paper, so this section will 

provide a brief review of how learning is related to the LC-NE. Convincing evidence from 

animal research and theoretical models suggest a key role of neurochemicals like dopamine, 

acetylcholine and norepinephrine in the plasticity underlying learning. The study of 

neurochemical involvement in human learning is difficult because invasive methods are 

required to directly measure neurochemical release.  An interesting study by Hoffing and 

Seitz (2015) hypothesized that NE is involved in modulating memory encoding. Their study 

showed that participants were better to recognize images that were paired with task targets 

than distractors, and that pupil size changed more for target paired than distractor paired 

images. In a different procedure, subjects were presented with an unexpected sound to induce 

pupil size changes. Results indicated a corresponding increase in memory. (Hoffing, Seitz, 

2015.) These results also suggest a relationship between the LC-NE system, pupil size 

changes, and human memory encoding.  



3.5 Mind-wandering 

Pupillometry can also predict mind wandering (Franklin, Mrazek, Smallwood & Schooler, 

2013). A recent study used pupillometry to track the degree of task engagement. While 

reading a story participants in the study were occasionally asked if they where mind 

wandering. The pupil size prior to questioning predicted their response, with larger size when 

participants where not reading for meaning. This finding seems inconsistent with typical 

pupil size increase under cognitive load, but it is in line with the inverse relationship between 

base line and event related pupil dilation. Accordingly, task engagement is associated with 

phasic activation of the locus coeruleus, resulting in higher baseline lower base line and 

higher event-related pupil dilation, whereas exploration for alternative tasks or mind-

wandering, is associated with tonic activation of the locus coeruleus resulting in higher base-

line and lower event-related pupil dilation (Franklin et al, 2013). This is interesting regarding 

our study, and will be discussed thoroughly when the results are presented later. One of our 

measures was number of fixations, which could be related to mind wandering, due to spare 

capacity.   

 

3.6 Illusions 
Pupil responses can also respond to imagined light, which shows that pupil response to 

luminance is not purely stimulus-driven. (Laeng & Sulutvedt, 2013.) This is intriguing given 

that it is not thought possible to control the changes of ones pupil size at will. This indicates 

that low-level features of a mental image induce neuronal responses similar to real visual 

perception and emphasize that higher level cognition can modulate lower level sensitivity. 

This can be an indication that pupil responses are not purely driven by task demand, which 

makes it necessary to be aware of potential other influences when creating an experiment. 

In summary, pupillometry has seen huge advances in temporal resolution combined with 

unobtrusiveness and practicality, which enables it to compete with other methods like 

EEG/MEG (Hartmann & Fischer, 2014). Our study would be really hard to conduct using 

any other method than pupillometry, out of consideration for the ecological validity, and due 

to the practical challenges with the experiment.   
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4 The LC-NE system 
 

4.1 Norepinephrine 
To produce norepinephrine there has to be a degree of self-evaluation or consciousness. The 

motoric response happens more unconscious (Kahneman, 1973). The amine is stored in 

central neurons in a protected and inactive form, which appears to be a reservoir for future 

functional needs (Glowinsky, Baldesarrini, 1966). Norepinephrine is an important 

neurotransmitter in the sympathetic nervous system. The effect of adrenaline and 

norepinephrine is rather similar (Linsell, Lightman, Mullen, Brown, Causon, 1984). 

Increased production can result in higher blood pressure, increased blood flow to the heart 

and muscles and increased heart rate. The level of norepinephrine can also be influenced by 

your position (Pluto et al, 1988). For example the body produces about twice as much when 

your standing up compared to lying down. It also plays an important role in attention and 

concentration. Imbalance in the amount of norepinephrine might even lead to depression. 

(Delgado, Moreno, 2000). 

It is also thought to be important for the regulation of sensory signal transmission, which is 

the conversion of a sensory signal to an electrical signal. Single neuron studies for example 

have shown that NE can result in responses to otherwise sub-threshold synaptic stimuli. 

(Laeng, Sirois, Gredebäck, 2012.) This means that Increased NE production affects our 

processing. This can for example be the difference between exploration and exploitation. 

(Murphy, O´Conell, O´Sullivan, Robertson, Balsters, 2014.) 

 

4.2 The Locus Coeruleus 
As mentioned, research in neuroscience has established a significant correlation between 

activity in the locus coeruleus and dilation of the pupils. These findings have provided 

insights in to the meaning of pupillary responses to mental activity. (Laeng, Sirois, 

Gredebäck, 2012.) The locus coeruleus is found on each side of the rostral pons in the 

brainstem (Laeng, Sirois, Gredebäck, 2012), and consists of cells containing norepinephrine. 

(Peretz, Zatorre, 2005.) It is the sole source of the neurotransmitter norepinephrine to the 

cortex, cerebellum and Hippocampus. (Laeng, Sirois, Gredebäck, 2012). The LC is activated 

by stress, and responds by increasing NE-secretion and altering the activity of the prefrontal 

cortex. In addition, the LC is engaged through the process of memory retrieval, so the LC-NE 



system might play a role in the consolidation of memories as well. (Laeng, Sirois, Gredebäck, 

2012.) Research on the LC-NE system is interesting, because impairment of the system might 

lead to deficits in behavioural performance. For example, NE-depleted rats are significantly 

more distracted by irrelevant stimuli during discrimination learning. It may also affect human 

target detection performance. (Nieuwenhuis, Cohen, Aston-Jones, 2005.). Manipulation of 

the LC-NE is also thought to have a solid impact on performance in tasks demanding 

attention. Natural variations in the LC-NE show high correlations with changes in 

performance.  

 

4.3 Tonic and phasic activation 
A lot of models have been made that implicate the LC-NE system in for example regulation 

of task engagement and learning. That is, core neuro-cognitive processes. Testing of LC-NE 

function in humans however has been constrained by a lack of non-invasive measures that 

can detect changes in the systems activity. Pupillometry has been increasingly deployed for 

this purpose. Pupil diameter has for example been used to track changes in the exploration-

exploitation trade-off. (Murphy et al, 2014.) These changes seem consistent with previous 

accounts of how the LC-NE functions. The problem was that unfortunately no evidence 

actually existed to support the anatomical or functional connection between LC neurons and 

the pupil. The study by Murphy et al (2014) showed a clear relationship between 

pupillometry and BOLD fMRI however. Several previous studies have combined 

pupillometry with fMRI, but a link between BOLD activity localized to the LC and currently 

recorded pupil diameter had not been resorted previously.  

 

Recent neural network models are focused on modelling neural networks at the level of 

neurotransmitters (Cohen, Mclure & Yu, 2007). The LC-NE has been implicated in a broad 

array of cognitive processes, yet a scope for investigating this systems function in humans is 

currently limited by an absence of reliable non-invasive measures, but as we now know, 

Murphy et al (2014) established a connection between pupillometry and BOLD activity in the 

Locus Coeruleus. Further on it has been showed that individual pupil dilations, as an index of 

individual differences in mental effort, would be a better predictor of LC activity than the 

number of tracked objects during MOT. (Alnæs et al 2014.) This gives a fairly sturdy 

theoretical foundation to this paper. 
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In general, findings regarding the neurophysiological effects of the NE support the view that 

it acts to increase the gain of responsivity of neurons to different input in procretion regions 

of the LC-NE system. This can be seen as a physiological mechanism for higher level 

processing. Physiological recordings have identified two components of activity within the 

LC itself. (Nieuwenhuis, Cohen, Aston-Jones, 2005.) The first involves the spontaneous rate 

of discharge, or the baseline rate of discharge referred to as tonic activation. The second 

involves a brief rapid increase in firing rate, referred to as phasic activity. This is also 

interesting regarding exploration and exploitation. Cohen, Mclure and Yu (2007) propose that 

tonically higher levels of norepinephrine may encourage more exploratory behaviour. This is 

explained with phasic activity. The phasic mode involves transient increases in 

norepinephrine, which makes processing easier. In tonic mode however, the overall levels of 

norepinephrine are higher which results in unpredictable behaviour. Exploration and 

exploitation seems to be balanced by norepinephrine and dopamine.  

 

One apparent limitation of the continuous pupil measure is that it cannot be used to address 

the question of whether observed pupil-LC BOLD coupling is driven by tonic neural activity, 

phasic activity or some combination of the two. (Murphy et al, 2014.)  

 

All of the theoretical background presented is specifically important for this paper, because 

the study presented is to serve as a pilot. It is crucial to get an understanding of why certain 

trials have been included, and what models we hope to build on. The study presented in the 

next section aims to elaborate on the theories presented by implying them on musical pieces, 

and also to get a feel for witch self-evaluating scores that correlates the most with 

pupillometry. And indication of exploration and exploitation will be looked at through 

number of fixations. 

 

 

 

 

 

 



5 THE STUDY 
 

5.1 The participant 
In the study we used a highly trained professional pianist. The reason we only used one was 

because of difficulties recruiting professional pianists. The data presented in this paper may 

be seen as a pilot for future studies. It is an on-going project though, and participants can be 

recruited later. However, the recruitment of other participants’ didn´t fit the deadline of this 

paper. One additional pianist was recruited, but the results were not usable due to excessive 

head movement and trouble with the calibration of the eye tracker. 

We chose to go with a professional pianist for several reasons. For example, for a novice a 

planned sequence is segmental in small units such as phrases. With practice these units 

become larger, future events more strongly anticipated and the expressive feature of the 

performance more enhanced. (Peretz, Zatorre, 2005.) The performers task is to highlight the 

structure of the musical piece and its emotional content through the complex programming of 

finely coordinated motor movements. Since we had emotional difficulty as one predictive 

factor on the self-evaluation score, we needed a performer who could express this as well. 

Also, we needed å musician that could sight-read notation. Reading musical notation is a skill 

that is highly automated and specialized compared to what novices may learn. (Peretz, 

Zatorre, 2005.) Another reason was that it increases the chance of getting the results publish, 

and that the study has been conducted in cooperation with the institute of musicology. In 

order for them to make use of the data as well, a professional musician was preferred. Also, 

an unnatural situation could increase arousal and pupil response. This effect was estimated to 

be smaller with a professional, since an experienced pianist is more likely to perform well 

and natural on different types of pianos and in different locations. Our hope was that the new 

location wouldn´t influence the trained musician to the same extent as a novice. 

 

5.2 Conditions 
The aim was to see whether the pupil size increased when playing complex musical pieces 

compared to easy ones. How “hard” and “easy” are defined will be explained later. The 

pieces chosen were “Vektersangen” by Grieg as the easiest condition. “Traumerei “ by 

Schumann as the intermediate, and “Holberg Suite” by Grieg as the hard condition. The 

pieces were chosen and evaluated by the professional pianist and a professor at the 
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department of musicology at UiO. Several pieces were considered in the process, and the 

pianist that participated in the study felt it was a proper rise of difficulty from piece to piece. 

The important thing was her subjective experience of it. It is possible to get comparable 

results from others later, even if the new musicians play different pieces.  

 

5.3 Trials 
For each condition there were four trials: The first trial was sight-reading while playing. The 

pianist could hear what was played in this trial. The trial referred to as “Sound”. During this 

trial the performance was also recorded on a midi track. After that the participant played the 

notes, but without hearing the sound from the keyboard. This condition was applied to 

control for the effect of the sound on the pupil response. As stated earlier, certain sounds 

alone can influence pupil diameter (Hartmann, Fischer, 2014). This trial was referred to as 

“No Sound”. Then the pianist would listen back to the recording from the first trial, without 

playing. This was to control for the motoric responses, and possibly planning or other higher-

level cognitive functions that might influence pupil size. We expected no reactions in this 

trial. The trial was referred to as “Listening”.  In the last trial the participant would imagine 

going through the piece. A problem with this trial might have been that the participant 

imagined hearing melody, and not playing the melody. This might have influenced the 

results, which will be more thoroughly discussed later. This trial was referred to as 

“imagery”. 

 

5.4 Technical aspects 
The pupil diameter was recorded with iView experimentcenter 3.1 using BeGaze 250hz. We 

also recorded the number of fixations, which yielded some interesting data.  The experiment 

took place in a soundproof lab in UiO, using a keyboard from the institute of musicology. 

The keyboard was a Yamaha Electronic P-140 with weighted keys, and the same number of 

keys as a normal piano. The lighting was kept constant. The sound was recorded on a 

separate Macintosh laptop, with a midi-recording program that was made by a student at 

musical science. (Appendix A.) The program was small and only used to record what the 

pianist played. This was done with a sound card that was connected directly to the keyboard. 

The sound card was a Motu UL-hybrid, with XLR and midi output and input. The recording 

session was started and stopped by pressing the spacebar. We kept the recording of the sound 

and the eye tracker separate for practical reasons. It gave access to two monitors so the 



recordings could be started separately, and eased the demand on each computer. The 

keyboard was placed in front of the screen with the eye tracker, and a chair was adjusted so 

the participant felt as comfortable as possible. It was a priority to maintain the ecological 

validity as high as possible, because even easy pieces can be hard to play if the setting in 

which you play is very different from what you are used to. For example, if you have to play 

a guitar standing up, when you usually play sitting down, you might struggle with songs even 

though you know them by heart. Maintaining the ecological validity was a slight challenge 

though, because professional pianists have a tendency to play with their whole body, and 

closing their eyes in emotionally significant phrases. The pianist was instructed to keep the 

head as still as possible, and not to close the eyes more than normal blinking. This proved a 

challenge, but worked out fine with specific instructions and a couple of test runs. Before the 

experiment started the eye-tracker was calibrated until reaching a satisfying result. 

Calibration was executed before every trial. There was also a baseline of about 0,5 sec before 

each trial, which was enough for this specific experiment. The baseline turned out to be equal 

for all the trials. For each trial the participant was asked if ready. When that was confirmed 

the eye tracking and the midi recording were started simultaneously. The small possible gap 

in staring points could easily be controlled for later, since exact starting point of the first note 

was easy to establish while analysing at the midi file. We could have implied a key that 

automatically started both recordings at the same time too, but this wasn´t done since it 

probably would have taken longer, than to just align the data afterwards. After the session the 

pianist was asked to rate the pieces on motoric, emotional and harmonic difficulty (Appendix 

B). The pieces were rated relatively too each other. This was used to predict pupil diameter. 

Another pianist was recruited and tested later on, but unfortunately the data was distorted, 

and could not be included in this paper.  

 

5.5 Rehearsal 
The participant were given the notes to rehearse three weeks in advance, so the skill level 

would be approximately equal for all the three pieces, and previous knowledge of the music 

wouldn´t influence our results. It was also done to rule out learning that might influence pupil 

size (Yu, 2012). The pianist also played a few pieces she knew by heart to control for that 

possible cofounder, but the data from this is not included in the study because the same 

aspects were controlled for in the trials of the three final pieces chosen. Another reason for 
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letting the pianist rehearse was the imagery condition. If the pianist hadn´t known the pieces 

fairly well, it would be very hard to imagine playing through them.  

 

5.6 Self-evaluation 
The self-evaluation of difficulty was done on three different parameters. The first measure 

was the motoric difficulty. This referred to how fast she had to move her fingers, how big 

gaps there would be between the fingers, if hands crossed, or certain parts were played in 

awkward positions. Generally actions that was defined as motorically difficult to accomplish.  

The next parameter was emotional difficulty. This was the evaluation of how hard it was to 

emotionally play each phrase. The notes themselves were not necessarily hard to play, but the 

emotional content was hard to express. This would be what musicians characterize as “feel”, 

and how hard it is to express that feel. This is often the difference between a really good 

piano player and a divine piano player. It can for example be done be being slightly in front 

or behind the beat, or by the velocity in which the keys are pressed down. Especially 

Traumerei by Schumann scored high on this scale. 

The last parameter was difficulty relating to the harmonic tension. This is the particular build-

ups and chord structure in the pieces, and the difficulty relating to this. For example the 

change from a dominant to a septim chord. This is experienced as a disharmonic or unnatural 

change (Buse et al, 2015) that is often used by composers to build tension.   

 

5.7 Processing the data 
The correlation between pupil size on the left and right eye was 100% so no mean value of 

the two eyes was necessary. When the data was collected iView was used to clean up the 

data, and remove outliers. Outliers were few and were removed manually. The data was then 

imported in excel where it was sorted and categorized, before it could be analysed using any 

statistical software. In order to analyse the data from the self-evaluation, the mean of the 

pupil data corresponding to each phrase was calculated for each piece. This means that the 

pupil data corresponding to each phrase consists of the mean of between five and 15 pupil 

recordings. This was done because the self-evaluation was scored phrase by phrase 

(Appendix B). The number of measures for each phrase was calculated thanks to specific 

timeframes from the piano roll drawn from the midifile and analysed in logic pro and pianola. 



 
Figure	  2:	  Example	  of	  what	  the	  participant	  played	  analysed	  in	  Pianola.	  Each	  dot	  represents	  a	  note	  played	  by	  
the	  pianist	  and	  corresponds	  to	  a	  note	  in	  the	  score.	  The	  timeline	  from	  the	  piano	  roll	  was	  compared	  to	  the	  
timeline	  of	  the	  pupil	  data	  to	  establish	  how	  many	  pupil	  recordings	  there	  was	  in	  each	  phrase.	  	  	  

	  
In order to calculate the correlation, all pieces where put together in a linear fashion, because 

there would have been to few data points if we had looked at each piece separately. Another 

way of analysing would have been to multiply all the self-evaluating scores to get equal 

number to the pupil diameter recordings, but this would have resulted in the same problems 

regarding tampering with the data.  
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6 RESULTS 
 

6.1 Mean differences 
Even though there was only one participant some very interesting tendencies surfaced when 

we looked at the mean differences in pupil size between the pieces. The mean pupil diameter 

reflects the mean in pixels. The baseline was equal for all conditions. The mean for the left 

and right eye were 100% correlated, and no mean for the two eyes or separate analysis were 

necessary to analyse the results. There was a main effect for all three difficulties when we 

looked at average pupil size. There was also an interaction effect between the medium and 

hard conditions. 

              

 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  1:	  	  Main	  effect	  for	  effort	  on	  conditions.	  

	  
Figure	  3:	  The	  mean	  for	  each	  condition	  across	  trials.	  Interestingly	  there	  was	  an	  interaction	  effect	  
between	  the	  medium	  and	  hard	  conditions.	  



Surprisingly	  there	  were	  no	  mean	  differences	  in	  pupil	  size	  between	  the	  medium	  and	  

hard	  conditions.	  This	  could	  be	  because	  the	  chosen	  pieces	  were	  not	  optimal,	  but	  

differences	  did	  surface	  when	  looking	  at	  the	  temporal	  data.	  	  	  

	  
	  

	  	  	  	  	  	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	  4:	  Mean	  differences	  in	  pupil	  size	  between	  the	  conditions.	  

           
Table	  2:	  	  There	  was	  no	  significant	  mean	  difference	  between	  the	  medium	  and	  difficult	  condition,	  
but	  this	  surfaced	  when	  we	  the	  temporal	  data	  was	  analysed.	  

 

The greatest pupil response was in the no-sound condition, which gives a good indication that 

sound itself didn’t affect the pupil responses significantly. The task demand increased 

significantly when the sound was removed however, because it is a lot harder to play when 

you don´t get the confirmation you are used to regarding your whereabouts in the piece. This 

might indicate that the pupil responses were related to the difficulty, and that the pupil 



	   25	  

responses measured just that. At least regarding this participant. There was also no reaction in 

the ”Listening” trial. This built up under the hypothesis that pupil size would increase with 

difficulty, not by the sound itself.  The conditions measuring motoric skills generally showed 

the most pupil response. Motor planning and delicate motor skills is an important influence 

on mental effort, so this is in line with earlier research. (Decety, 1996.) 

 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Figure	  5:	  Mean	  pupil	  size	  for	  the	  different	  trials	  across	  all	  conditions.	  

	  
It might be that emotional difficulty is a significant factor for pupil response too; at least 

when playing music, since there was such a high pupil response on the intermediate piece 

that was evaluated as the emotionally most difficult. It would be interesting to see if this 

influence is present with tasks of more trivial character too. 



 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  3:	  Means	  for	  all	  the	  conditions	  and	  trials.	  	  

 

The last interesting result that surfaced regarding the mean differences was the lack of effect 

in the imagery trials. This will be discussed more in the next chapter. 

 

6.2 Fixations 
We also looked at the number of fixations. This was a lot higher for the easy condition, which 

is in line with findings regarding mind wandering (Hartmann, Fischer, 2014) (Franklin, 

Broadway, Mrazek, 2013), and that more spare capacity is available to other stimuli than 

your task at hand (Kahneman, 1973). This could also reflect a difference in processing 

between exploration and exploitation (Franklin et al, 2013). Fixations were defined as 

keeping the focus within one area of 80 pixels for 200 m/s. The number of fixations could 

also indicate that the participant experienced lower tonic activation in the easy piece. 



	   27	  

 
Figure	  6:	  Mean	  values	  for	  fixations	  for	  all	  conditions	  across	  all	  trials.	  	  

	  
6.3 Regression Plots 
The regression plots revealed some interesting tendencies in the pieces. For example, pupil 

diameter is lower in the beginning, and higher towards the end in the difficult condition. It’s 

the opposite for the intermediate condition, and pretty stable throughout in the easy condition. 

These variations made the mean analysis harder, though the main effects were present. This 

could also explain why the difference between the intermediate and hard condition wasn´t as 

significant as hypothesized. Different pieces should be explored with future participants to 

control for this.  

 



                           

             
Figure	  7:	  Regression	  plots	  for	  all	  conditions.	  The	  hard	  condition	  showed	  a	  positive	  correlation,	  the	  
intermediate	  a	  negative,	  and	  the	  easy	  none.	  Ideally	  they	  would	  all	  have	  been	  stable.	  	  	  

	  
Interesting data surfaced when comparing the data to the self-evaluation scores though. The 

different slopes in the regression plots made it easy to detect similarities, simply by looking 

at the graphs.   

 

6.4 Correlation with self-evaluation 
In order to get a better understanding of what we were measuring we also had the pianist rate 

the difficulty on three different scales. This enabled us to see the predictive power of self-

evaluation on mental effort, and also the connection between experienced difficulty and pupil 

size. Another aspect we looked at was the correlation coefficient between the pianist’s 

subjective ratings. 
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Figure	  8.:	  Linear	  graph	  that	  highlights	  the	  relationship	  between	  all	  the	  parameters	  and	  mean	  pupil	  size	  in	  the	  
sound	  condition.	  Emotional	  tension	  showed	  the	  highest	  correlation	  with	  pupil	  diameter.	  	  

 

Just by looking at the graph it is possible to see that emotional and harmonic tension seems to 

correlate the most with pupil response. However, only the emotional evaluation of difficulty 

gave significant predictions. Predictions might have been better if the pieces were evaluated 

subjective and separately.  

 

 
Table	  4:	  Only	  the	  self-‐evaluation	  of	  emotional	  difficulty	  was	  significantly	  correlated	  to	  pupil	  diameter	  with	  
P=<0,05.	  

Pupillometry is thought to be a good indicator of emotional arousal. (Granholm & Steinhauer, 

2004.) This may explain why the results were only significant for the emotional self-

evaluation. It may also be that this is the easiest thing to evaluate since emotions are pretty 

available to the consciousness. And that it highlights how hard it is to assess your own mental 

effort because it is influenced by so many factors. The	  challenges	  regarding	  self-‐evaluation	  

will	  be	  discussed	  more	  in	  the	  following	  chapter. 
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7 DISCUSSION 
 

7.1 One participant 
The main concern of this study was the lack of participants. Professional pianists are hard to 

come by and to persuade into participation. That is the reason why this turned out to be a 

casus study, even though it was originally meant to have more participants. Luckily we were 

able to collect a lot of data from that participant, so even with just one we managed to make 

some interesting discoveries. The results can´t be generalized to the rest of the population at 

this point though. We can however say that we found some very interesting tendencies for 

that pianist in that context, and hopefully more future studies will reveal findings that can be 

generalized.  

In addition to this, the pianist probably wanted to perform well, even though thoroughly 

instructed to relax, and reinsured that our findings did not depend on how well the pieces 

were played. This might have influenced the reactions, but even though there was a feel of 

incentive to perform well, we did not find any indications that it influenced the mental effort 

measured significantly. This is in line with previous studies that have established that the task 

at hand is the main influence on the mental effort exerted (Kahneman, 1973). 

Yet another difficulty was that even though we strived to maintain ecological validity, the 

restrain on the movement of the head made the situation unnatural for the pianist. Since the 

ecological validity wasn´t perfect, it is also a possibility that the unnatural situation induced 

more mental effort, due to higher arousal. However, we did our best to control for these 

factors by measuring the pupils during listening. The listening condition showed no effect, 

which implies we in fact measured the demand induced by the tasks.  

 

7.2 The chosen musical pieces 
The participant proposed the Holberg piece as the difficult piece, which could be 

problematic, but the subjective feeling of increased difficulty was the most important. We 

had a different piece as the “difficult” condition in the beginning, but changed it at the 

pianist’s request. Since we only had one pianist this was not a problem though. The pianist 

also said that the Traumerei piece was more difficult emotionally because all professional 

musicians know this piece very well. This resulted in the pianist feeling an extra compulsion 

to perform well on that particular piece compared to the others. This might explain the small 
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difference between the medium and hard conditions. The piece is pretty easy to play 

technically, but hard to play emotionally. The emotional difficulty also seems to be the one 

that is most available to the participant’s consciousness, since the self-evaluation scores on 

emotional difficulty was the only one that correlated significantly with pupil response. 

Another explanation might be that there’s an anti-climax in the medium condition that makes 

it easier to play near the end. It might also be that the pianist warmed up, and that the 

emotional pressure was reduced after some time. It’s the opposite with Holberg, which seems 

to build up to a crescendo near the end. Crescendos alone can influence pupil size as stated 

earlier. (Hartmann, Fischer, 2014.) This can also explain the interaction effect. As the 

demands of a task increase, the discrepancy between the effort demanded, and the effort 

actually supplied increases steadily Kahneman (1973). It might have been that our pianist 

didn´t show the expected pupil response until the end of the difficult condition because it 

took some time before extra mental effort was put into the task. Finding pieces that are more 

stabile in their difficult level could make analysis easier in future projects, but might be very 

hard. It would require a lot of trained musicians to evaluate different pieces and reach an 

agreement, and would be very time-consuming. Most musical pieces tend to be dynamic and 

vary in both difficulty and intensity. Humbly, this paper admits there might be better options 

out there though.  

 

Another challenge we encountered was the different length of the musical pieces, which gave 

us a lot more data points for the easy and medium condition, than for the difficult. This also 

influenced the analysis, because it was hard to find statistical significance without putting the 

data points for all the three pieces together. This also makes it hard to do regression models, 

especially for the pieces separately. Holberg for example is more than twice as short as the 

two other pieces. Longer pieces to collect more temporal data would therefore be advisable 

for future projects. 

 

7.3 Using a clique track 
For the temporal analysis we could have gotten more reliable data points if we had recorded 

with a clique track. A clique track is a miditrack that keeps a constant beat at a desired bpm. 

If the tempo had been kept constant, the alignment of data from self-evaluation and pupil 

diameter would be a lot easier, and probably more reliable. In agreement with the pianist we 

concluded this would influence the ecological validity too much, so the clique-track was 



discarded from this study. If we had used it, all conditions might have been experienced 

harder than we wanted to, because of the unnatural way of performing. It could work though, 

but maybe the pieces would have to be easier then.  

 

 

7.4 What did we measure? 
Pupil size can also reflect a number of physical and physiological stimuli. An interesting 

study where subjects where shown differently oscillating stimuli on a screen simultaneously, 

while covertly attending to one of them, showed that pupil oscillation power was selectively 

enhanced for the frequency of the attended stimulus. These results showed that directing 

attention to a stimulus increases pupil response to that stimulus, which indicates cortical 

contributions to pupil diameter (Hartmann, Fischer, 2014). It could also be a possibility that 

the amplitude of the different phrases influenced pupil size. Also Music of any type also led 

to an increase in pupil size, the more preferred the type of music, the greater the dilation. 

(Janisse, 1973.) This could mean that we measured musical preference, and not mental effort. 

Top-down effects from cognition could also have influenced the results. Different studies 

have found that the effects of top-down processes are fairly small, but a bigger sample is 

needed in this study to rule out other effects completely. We could have controlled better for 

this if the “imagery” trial had worked out better. 

 

7.5 Musical imagery 
The imagery conditions didn´t show the expected changes in pupil diameter. This could have 

been because the participant imagined hearing the music, and not playing it. We might have 

missed the top-down influence on pupil size due to the unclear directions that were given in 

this trial. Previous studies have shown similar effects relating to other situations (Laeng, 

Sirois, Gredebäck, 2012), so it will be interesting to see if more proper instructions might 

yield better results to that trial. The pianist also stated that it was hard to read the notes in the 

imagery trial. Another pianist was recruited where proper instructions where given, but 

unfortunately the data couldn´t be used in this paper, as mentioned earlier. It could also be 

that the effect was so weak, simply because so many cognitive functions like motor planning 

were not present in that trial. Or maybe because it is hard to do mental imagery tasks with the 

eyes open? (Marks, 1973.)  
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7.6 Possible Cofounders  
In the study we encountered several possible cofounders that we tried to control for. 

Increased arousal for example, is associated with the release of norepinephrine. During high 

states of arousal norepinephrine is delivered diffusely throughout the brain with particularly 

elevated amounts being delivered to the sensory regions of the cerebral cortex. Phasic arousal 

is stimulus based related and more short lived. This arousal can increase in proportion to the 

loudness of a stimulus. Musical crescendos are specifically arousing, because they activate 

mechanisms for detecting approach. (Hartmann, Fischer, 2014.)  Does that mean that we are 

more focused when we play a crescendo, simply because we play louder? It could be 

interesting to see what happens when you just present people with a noise increasing in DB 

while measuring their pupil. We tried to control for this however, with the “no sound” trial. 

Intensity could still be a factor, and for future reference we could also control for the velocity 

the pianist played with. 

 
Figure	  9:	  This	  shows	  the	  velocity.	  The	  force	  in	  which	  the	  keys	  on	  the	  piano	  are	  pushed	  down	  could	  
also	  influence	  the	  pupil	  size.	  The	  length	  of	  the	  lines	  following	  the	  dots	  indicated	  the	  force	  the	  keys	  
have	  been	  pushed	  down.	  

 

This is possible to analyse with the data collected in this study. The velocity is also stored as 

numbers in the midi-file, and this could be added as a variable later. 

	  
Another apparent limitation that affects this study as well, is that the continuous pupil 

measure cannot be used to address the question of whether observed pupil-LC BOLD 

coupling is driven by tonic neural activity, phasic activity or some combination of the two. 

(Murphy et al, 2014.) 



 

7.7 Self Evaluation 
When evaluating difficulty the previous phrase will influence the next one. There is no other 

way to do it than to start with the first phrase and go from there. This goes for playing too, so 

hopefully potential bias will be the same for both playing and evaluating. Also, a somatic 

state change, which is the changes in the physical state, is crucial for the self-evaluation of 

mental effort investment (Otto, Zijlstra, Goebel, 2014). Since the difficulty was evaluated a 

long time after the initial experiment, the somatic state of our subject might have been 

different. Also, the amount of mental effort experienced while engaging in a task is 

determined by a variety of factors not limited to its mere computational demands. (Mulder, 

1986.) The results of a study by Otto, Zijlstra, Goebel (2014) suggest that perceived mental 

effort reflects tonic rather than phasic changes in arousal during task performance. It might be 

that perceived mental effort may reflect in part tonic activity of the LC-NE system, but this 

connection is hard to make with pupillometry. Dopamine for example is modulated by tonic 

and phasic transmission. This could be the case for the norepinephrine system as well (Otto, 

Zijlstra, Goebel, 2014).  

 

The self-evaluating scores could also have worked better if each piece were scored separately 

and not relative to each other. This might have yielded bigger differences in the values, but 

then again, our main focus was the comparison of the three pieces. It was also a long time 

between the recording, and the subjective evaluation of the scores, which was not optimal. 

We recapped the pieces phrase by phrase however, and hopefully it didn´t influence the 

evaluation of the difficulty too much. It will be interesting to see if the results hold up when 

more people are tested. We could also have done repeated measures after each trial. This is 

thought to influence the self-evaluation of mental effort the least (Gog, Kirschner, Kester, 

2012), but then again, we didn´t ask our participant to try to rate the mental effort. We asked 

to rate the experienced difficulty on three levels that was thought to be relevant parameters. It 

is hard to be sure whether the same biases that can influence self-evaluating, influenced the 

results in this study as well. 

 

7.8 Implications 
Research on the LC-NE system is interesting, because impairment of the system might lead 

to deficits in behavioural performance. For example, NE-depleted rats are significantly more 
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distracted by irrelevant stimuli during discrimination learning (Berridge, Arnsten, Foote, 

1993). It may also affect human target detection performance. Maybe this explains why the 

focus of our participant shifts more during the easy tasks. Maybe better understanding of the 

system can help us develop better equipment and training for situations were mind-wandering 

could be dangerous? 

This study has focused on mental effort related to musical performance, but because of the 

nature of music, it also gives us valuable information about how the brain distributes its 

resources. Pupil frequency tagging could for example be used to capture the spatial extent of 

neglect or other attention related disorders. Another important implication is that pupil 

feedback can be used to prevent mind wandering during car driving or CCTV monitoring 

(Hartmann, Fischer, 2014). Can it also help us develop tools and aiding systems for people 

with attentional disorders?  

 

7.9 Future studies 
One interesting thing to look at in future studies could to see what happens when the 

anticipation of a participant is broken. For example by changing one note in the score. It 

would be interesting to see the pupil response when your predictions are not met. You could 

also do two conditions to see the difference between a harmonic and dissonant unexpected 

note. It would be interesting to see how long the effect lasts and could further aid the 

understanding of the LC-NE system. A similar study has been done for rhyme patterns. 

(Laeng & Sulutvedt, 2013.) The study presented subjects to poems with predictable rhyme 

schemes, but the last line contained a semantic, syntactic, metric or rhyme violation 

compared to the others. The participants’ pupils dilated a lot more to the rhyme violation 

compared to the other violations, suggesting that the listeners had developed a very specific 

expectation about how each poem should end. The effect was present just 200ms after the 

moment of rhyme violation. (Laeng & Sulutvedt, 2013.) It would be interesting to see if the 

same effect is present for music. 

 

It could also be interesting to look at a singer, since this is an innate skill in most humans. 

Since it´s innate it might be easier to conduct without professionals. It’s also less demanding. 

The fact that it is less demanding though could make it harder to see the tendencies we were 

looking for, and one would encounter the same challenges with finding appropriate songs 

with rising difficult level. A singer however would not require a piano, and could have fewer 



challenges regarding head-movements since you are not required to move your arms. 

Recruitment of participants would also probably prove a lot less challenging.  

 
Another interesting study would to see the difference in difficulty between easier and harder 

pieces than the ones we chose. That would give a more solid understanding of how mental 

effort works in relation to music. Is it for example a point at which it becomes so easy that 

pupil response is not affected even though there is an agreed difference in difficulty between 

the pieces?  

 

Last, but not least, it would be interesting to follow up on the correlation between the self-

evaluation scores, and the pupil diameter. More participants could show effects for the other 

parameters as well, but could also remove the effect that was present in the emotional 

condition. Establishing the predictability of self-evaluating scores could be valuable for many 

lines of research in the future though, and is not necessarily just representative within the 

field of music. 



	   37	  

8 Conclusion 
 

This study confirms findings from previous studies that have established a connection 

between increased mental effort and increased difficulty, and it confirms it related to music. 

The complex nature of music makes it perfect for studying higher-level cognitive functions, 

so hopefully results can be generalized to other areas when more people are tested.  

 

The findings in this study were in line with the hypothesis. Pupil size increased with mental 

effort induced by the rising difficulty between the pieces. The effect wasn´t striking between 

the intermediate and hard condition however, but this is likely due to the emotional difficulty 

of the intermediate piece. Further research and more participants are necessary to establish 

the cause of this difference though. In addition to this we found that number of fixations was 

a lot higher for the easy condition. This indicated that the participant possessed more spare 

capacity during this task, which allowed entering a more exploratory state of the mind. This 

also confirms findings from previous studies. The last thing we found was that the self-

evaluation of emotional difficulty correlated highest with the pupil diameter. This was 

interesting, and a correlation of that sort has not been done before to the knowledge of this 

paper. More elaborate studies on this across other fields would be interesting. It is however 

possible that the effect is not really there, because of the small sample in this study, but it 

might also be that the other parameters will show significant effects as well with more 

participants.  

 

In conclusion this study confirmed findings from previous studies on mental effort within a 

new field, in addition to giving some exciting pointers for future directions. It also highlights 

music as an interesting concept to use as a foundation for studying higher-level cognitive 

functions.   
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Appendix A 
 

 
 
The	  midi	  recorder	  made	  by	  a	  student	  at	  the	  Department	  of	  Musicology.	  The	  tracks	  were	  easily	  recorded	  by	  
pressing	  space,	  and	  played	  back	  through	  the	  speakers	  on	  the	  keyboard	  by	  pressing	  play.	  	  
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APPENDIX B 
	  

	  
The	  evaluation	  was	  eventually	  done	  at	  the	  score	  for	  each	  phrase	  in	  each	  piece.	  This	  example	  is	  the	  harmonic	  
tension	  from	  Traumerei. 



	  
	  

	  

An	  example	  of	  a	  draft	  for	  the	  questionnaire	  for	  future	  participants.	  Each	  square	  fits	  the	  phrase	  of	  the	  note	  
sheet.	  	  The	  evaluation	  should	  be	  done	  immediately	  after	  each	  trial	  with	  future	  participants,	  to	  reduce	  biases. 


