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1 

GENERAL SUMMARY 

 
Since the 1960s, extensive research in the field of psychology and cognitive neuroscience have 

shown that dynamic non-luminance-mediated changes in the eyes’ pupil diameter can be used 

as a reliable psychophysiological index of changes in arousal level and ongoing cognitive 

processes in the brain. Findings have generally shown that when cognitive demands increase 

adequately, performance accuracy typically decreases while pupil size increases. At the 

cognitive level, these relations in the attentional tasks are usually explained by mental effort 

and resource theories. That is, these phasic (momentary) task-evoked pupil (TEP) changes, in 

influential accounts, are referred to the amount of allocated mental resources relative to a 

limited pool of available resources. They are also attributed to the amount of task engagement 

and the intensity aspect of attentional processes along with transient changes in the arousal 

level, especially when task demands increase. At the neural level, based on findings from 

human imaging and animal studies, these phasic pupillary cognitive responses are usually 

explained as a by-product of transient increases in the release of neuromodulators to regulate 

the neural gain and activity in task-relevant brain areas. The tonic (sustained) baseline pupil 

sizes, on the other hand, are usually considered as a measurement of overall arousal state and 

the more sustained level of activity in and neuromodulatory releases from the brain areas that 

are involved in arousal regulation, like locus coeruleus-norepinephrine (LC-NE) system. Tonic 

pupil sizes have been measured either during resting wakefulness; that is, when individuals are 

not asked to do any specific task (also called resting-state pupil size or pre-task baseline pupil 

size), or in the baseline-period preceding each trial in a cognitive task (also called pre-trial 

baseline pupil size). But the phasic pupil diameter has been measured as a transient change in 

the pupil size (in a time window of a few seconds), relative to the baseline size, in response to 

an internal or external event. 

 

However, the majority of research studies with human subjects have dealt with pupil changes 

as a function of cognitive factors at the group level, by averaging data. Thus, our knowledge 

about the cognitive basis of individual differences in the pupil size changes of healthy 

individuals is limited. A handful of studies have reported contradictory findings on the 

relationship between tonic and phasic pupil sizes and cognitive traits, such as general 

intelligence factor (gF) and working memory capacity (WMC).  gF refers to a general and 

limited mental capacity that influences performance on all cognitive tasks whereas WMC refers 
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to a capacity-limited cognitive system that is involved in temporarily holding, manipulating and 

retrieving task-relevant information. While some studies have shown a positive association, 

others have reported either negative or no relationship between these indices of general 

cognitive abilities and the tonic and phasic pupil sizes. These relations are usually explained by 

relatively stable differences in the amount of mental or neural resources that individuals possess 

and/or how efficiently they can allocate these resources in general. They were also attributed to 

the stable differences in the neural activity and connectivity within and between brain areas. 

Since the current state of results seems inconclusive, further research in this domain is 

necessary. Finding the cognitive correlates of individual differences in pupil size is relevant for 

understanding and developing better theories about the underlying biological and cognitive 

mechanisms that modulate them along with the function of these responses. It can also help to 

develop individualized biomarkers to track individuals’ cognitive progression in specific 

educational, professional and rehabilitation settings. 

 

The present thesis gathers findings from three empirical studies in which we examined the 

cognitive basis of individual differences in both tonic and phasic pupil changes. The overall 

strategy was twofold: First, we investigated whether cognitive functioning level was associated 

with differences in the pupil’s mean size or variability during resting wakefulness, as an index 

of the relation between general cognitive functioning and the tonic pupil sizes. Second, we 

studied the relationship between the level of cognitive functioning and both pretrial baseline 

measurements and phasic TEP responses evoked in visuospatial attention tasks. For both tonic 

and phasic pupillary measurements, we contrasted effects associated with relatively broad 

estimates of cognitive abilities (i.e. gF or WMC) with performance data from two attentional 

experiments. 

 

In the first study (Paper I), we measured resting-state pupil size in 212 individuals and 

calculated the mean as well as the coefficient of variation (CoV) of the tonic pupil diameter. 

We also tested each individual’s WMC. Statistical analyses showed no significant relationship 

between mean pupil size and individual differences in WMC. However, high WMC individuals 

showed larger variability in the size of their resting-state pupil diameter. Also, the variability 

of baseline pupil diameters decreased with age, but this effect was independent of the relation 

between CoV and WMC. 
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In the second and third studies, we examined individual differences in the pre-trial baseline and 

phasic TEP sizes. We had 75 participants perform four well-established attention tasks: 1) the 

multiple object tracking task (MOT), 2) the AX- continuous performance task (AX-CPT),  3) 

the Stroop switching task, and 4) the Posner cueing task, all in one session. We also measured 

individuals’ general cognitive abilities (WMC, IQ, and g factor). The data from the MOT and 

Posner tasks are reported in Paper II and III, respectively. To investigate the relation between 

tonic pupil size and cognitive measures, the average and the CoV of pretrial baseline sizes were 

used. Both the MOT and Posner cueing paradigms are thought to engage (top-down) covert visuospatial 

attention to attend selectively to specific objects or spatial locations, respectively. However, the MOT 

engages also sustained and divided attention whereas the Posner task is developed to study the 

alerting and orienting brain networks, although it also involves sustained attention to a smaller 

degree. Successful performance in MOT requires intact attentional functioning and allocating enough 

mental effort to track a variable number of selected objects (targets) continuously for several seconds 

(i.e., 10 s). Successful performance in Posner requires intact attentional functioning and enough effort 

to hold the cue information in working memory and benefit from temporal and spatial signals, as well 

as to resolve the conflict between cue and target in invalid trials. Previous studies have shown 

different patterns of pupillary responses when performing these two tasks. The results from two 

other tasks (AX-CPT and Stroop) were consistent with results from MOT and Posner but they 

are not reported because the reports are currently in the preparation stage. 

 

In the MOT task (Paper II), we pooled data from two different samples for which the task was 

identical (total N= 116) to increase statistical Power and found a positive relationship between the 

overall task performance and the average pretrial baseline size, indicating a higher level of arousal and 

task engagement in high performers. We also found a negative relation between WMC and the CoV of 

pretrial baselines, i.e., high span individuals had lower variability in their baseline measurements. In the 

Posner’s cueing paradigm (Paper III), however, we found no relationship between the measurements of 

task performance or general abilities and the average or CoV of baseline pupil sizes. The results from 

baseline analyses in the Posner cueing task are presented in the Supplementary materials, Table 1, of 

the present thesis. 

 

The results from analyses of TEP sizes did not reveal a relationship between general cognitive traits and 

the phasic pupillary responses, in any of the tasks. By contrast, individual differences in overall task 

performance (an index of the current level of cognitive functioning in specific task and state) were 
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related to variations in TEP sizes, especially in particular conditions. That is, after controlling for the age 

effects, overall accuracy in MOT was positively related to TEP sizes at load 5 (the most demanding 

condition in MOT; tracking five dynamic objects). Also, overall RT in Posner task was negatively 

related to TEP sizes in neutral and invalid trials when the cue-target onset interval was longer (i.e., 

referring to alerting and orienting effects in long stimulus onset asynchronies, SOAs). In fact, the 

behavioral and pupillary responses in both tasks showed that the high performers had larger TEP sizes 

when the task was more demanding, suggesting that they were able to allocate more cognitive resources 

for processing under these conditions. But high performers also seemed more efficient in the allocation 

of their resources because when the task was not very demanding, they outperformed the low performers 

without investing more resources (i.e., no significant difference in TEP sizes between groups).  

 

Thus,  individual differences in TEP sizes appear to be driven by the task- and state-specific cognitive 

and motivational factors rather than general cognitive traits. These task- and state-specific factors can 

include the current state of cognitive functioning, arousal, motivation and task demands and familiarity 

with similar tasks. The larger TEP dilations in high performers, compared to low performers, under 

highly demanding conditions, may reflect between-group differences in the LC-NE functioning. Based 

on the adaptive gain theory (Astone-Jones & Cohen, 2005), the neural inputs to the LC from the cortical 

brain areas that are involved in the moment-to-moment benefit and cost evaluations, regulate the level 

of NE release into the cortical areas including attentional systems and initiates an exploitative mode (or 

a focused arousal) characterized by high task engagement and resulting in optimized behavioral 

responses. These findings are further discussed in light of single- and multiple-resource theories. These 

individual differences in pupillary cognitive responses may also have visual consequences, 

especially in the real-life situations, by modulating the trade-off between visual sensitivity and 

acuity in a state-specific fashion. 

 

The cognitive correlates of individual differences in tonic baseline pupil sizes depended also on the state 

(pre-task- and pretrial state) and the task in which they were measured and on the characteristics (i.e., 

mean size or CoV) of the baseline measurements. In the present study, none of the indices of general 

cognitive abilities were related to the average size of pre-task or pretrial baseline pupil sizes. WMC, 

however, was positively related to CoV of resting-state baselines, which may indicate that high span 

individuals had a more variable tonic activity in the LC-NE system. This higher variability may 

be accompanied with a more dynamic and explorative mode to search randomly for internal or 

external rewarding sources. But it may also reflect the arousal-related regulations. The WMC was also 
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negatively related to CoV of pretrial baselines in MOT, but not in Posner’s cueing task. This negative 

relation may refer to less variability in the LC tonic activity in high span individuals, which may be 

accompanied with a more stable level of cortical arousal, as well as a more stable attentive mode with 

fewer lapses of attention in high span individuals when performing an attention-demanding task that 

requires constant attention to the WMC representations. However, these individuals did not perform the 

MOT task with higher accuracy than other individuals; hence this conclusion should be taken with 

caution. Moreover, high MOT performers, but not high Posner performers, had larger mean pretrial 

baselines, indicating a higher level of arousal (attentiveness) and task engagement in high MOT 

performers, compared to low MOT performers. Based on these findings, we propose a “task- and state-

specific” account of individual differences in pupil responses of healthy individuals. Results also 

showed a stable age effect, especially on tonic pupil size. In fact, it seems that differences in sample 

characteristics and methodological factors can be of important factors when studying the cognitive 

correlates of individual differences in pupil sizes.  
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1 Introduction 

“The eye is the window of the soul, the mouth the door. The intellect, the will, are seen in the 

eye; the emotions, sensibilities, and affections, in the mouth. The animals look for man's 

intentions right into his eyes. Even a rat, when you hunt him and bring him to bay, looks you in 

the eye.”          Hiram Powers (1805 - 1873) 

 
The shape, color, size and function of eye pupils, especially in response to light changes, have 

been used to investigate the ocular and neurological abnormalities for several centuries in the 

field of medicine (Leffler et al., 2015; Thompson, 2003). The eyes have also fascinated artists 

and philosophers through history, describing them as a “window to the soul” that can reveal 

what is going on in somebody’s inner world. Nevertheless, it was first in the 19th century that 

the effect of mental processes on pupillary changes was reported within the field of neurology 

(e.g., Schiff, 1875), and long after in psychological research by Hess and Polt (1960, 1964). 

Since then the effect of conscious or even subconscious cognitive and affective processes 

(Laeng, Sirois, & Gredebäck, 2012) on pupil size has been investigated in both animal 

neurophysiological studies and human pupillometry, imaging and pharmacological studies with 

healthy and patient groups (Alnæs et al., 2014; Beatty, 1982; Eckstein et al., 2017; Mathôt, 2018; 

Joshi et al., 2016; van der Wel & van Steenbergen, 2018; Walle et al., 2019). As a result of 

extensive research, we know now a lot, although incompletely, about the Factors that influence 

pupil sizes. We also have evidence now that the eye’s pupil is indeed a reliable index to track 

people’s mind (or inner world). That is, findings have indicated that pupillary changes can be 

used as a (most) reliable psycho-physiological index to track especially the intensity aspect of 

the on-going mental processes. Generally speaking, the size of pupil diameter changes in 

response to changes in the amount of brightness, perceived brightness, distance, arousal, and 

mental activity.  

 

The function of pupillary changes in response to changes in an object’s distance and 

environmental luminance is to provide our brain with the best possible image, and in turn, to 

produce adaptive responses. However, the definition of “the best image” varies in each moment, 

based on our current need for the sensitivity (broad) vs. acuity (detailed) vision. However, the 

function of pupillary changes that are modulated by the level of arousal and mental activities is 

not clear. Some researchers claim that these relatively small pupillary responses are only a side 
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effect of neural activities and do not have a functional role in the vision. Therefore, they can 

only be used as a reporter variable for the underlying neural activities, especially the pattern 

and level of activity in the locus coeruleus-norepinephrine (LC-NE) system (Beatty & Lucero-

Wagoner, 2000). However, other researchers have suggested that these responses can also have 

visual consequences and may not necessarily be small in real-life situations, claiming that the 

cognitive feedbacks may modulate the trade-off between visual sensitivity and acuity in a state-

specific fashion (Mathôt, 2018; Mathôt & Ivanov 2019). This functional role seems plausible 

from an evolutionary perspective because the dynamic quality control of the visual inputs can 

be important for the survival of vulnerable animals like humans. However, this functional role 

needs to be further investigated in the future.  

 

Similar to the function of pupillary changes, the cognitive basis of individual differences in the 

pupil size of healthy individuals has also been little studied and the results of the existent studies 

are inconclusive. For example, a few studies have reported a positive relation between relatively 

stable cognitive traits like the level of general cognitive abilities and differences in pupil sizes 

( Bornemann et al., 2010; Heitz et al., 2008, Tsukahara, Harrison, & Engle, 2016, van der Meer 

et al. 2010), whereas others failed to find it (Boersma, Wilton, Barham, & Muir,1970, Simpson 

& Molloy, 1971, Unsworth & Robison, 2017a, Unsworth, Robison, & Miller, 2019) or found a 

negative relation (e.g., Ahern & Beatty, 1979; Unsworth & Robison, 2017a). Some other studies, 

on the other hand, have investigated the inter-individual relation between the level of task 

performance and pupil size (Rondeel et al., 2015). Level of task performance, compared to the 

level of general cognitive abilities (as relatively stable cognitive traits), refers to the level of 

cognitive functioning in the specific state and/or task, which can be influenced by several 

factors. In fact, findings on the relationship between pupil responses and task performance were 

also different based on the type of task and the level of task difficulty. For example, while the 

high performers in a 2-back task had larger dilations, better performance in Number Switch 

task was not related to the amount of pupillary dilation, and in the Stroop task, individuals with 

higher behavioral congruency effect (i.e., bad performers; those with higher error rates or 

slower RTs in incongruent relative to congruent trials) showed larger pupillary Stroop effect 

(Rondeel et al., 2015, but also see Laeng et al., 2011). At the neural level, all of these individual 

difference findings have been usually referred to the differences in the underlying neural 

mechanisms, especially the activity in the LC-NE system. Pupillometry is a non-invasive 

method that has been extensively used for testing the theoretical accounts related to the 
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cognitive and neural mechanisms. Given the current state of knowledge, further research on the 

cognitively driven individual differences in the pupil sizes and changes seems necessary for our 

understanding of this reporter variable and for developing better theoretical accounts. It can 

also expand the potential application of pupillometry in diagnostic and developmental 

investigations and for tracking cognitive progression in educational, professional and 

therapeutic interventions at the individual level. The focus of this dissertation is to examine the 

cognitive modulation of individual differences in pupil sizes of healthy individuals, both under 

resting state, when we are not asked to be involved with any specific mental work, and during 

performing visuospatial attentional tasks with differing level of task demands. More precisely, 

the purpose is to investigate whether individual differences in the tonic and phasic changes in 

the pupil size are modulated by more stable cognitive traits like the level of general cognitive 

abilities and age-related differences, or by the level of state- and task-related cognitive 

functioning. The general cognitive abilities are operationalized by measuring individuals’ 

intelligence and WMC whereas the level of state- and task-related cognitive functioning are 

operationalized by measuring overall task performance in certain tasks and across different 

experimental manipulations.  

 

The level of task performance can be influenced by dynamic state-specific factors like the level 

of situational motivation and situational arousal (e.g., tiredness, stress, interest), along with the 

amount of task demands and task-related neurocognitive resources that an individual invests in 

a specific situation. However, the level of task performance can also be influenced by the more 

stable characteristics like age, the amount of cognitive resources that an individual has, the 

specific cognitive abilities that one may have inherited or obtained as a result of practice and 

real-life experiences, as well as personality traits (e.g., level of ‘need for cognition’), which can 

modulate the general level of arousal and motivation. These factors, altogether, can trigger a 

measurable level of task engagement (Aston-Jones & Cohen, 2005) or mental effort 

(Kahneman, 1973). Motivational and personality factors are not measured here, but the relations 

between general cognitive abilities, age and task performance are investigated.  

 

In the first part of the dissertation, the theoretical, empirical and methodological aspects of the 

topic are presented and the results are discussed. That is, first, the neural pathways that regulate 

the pupil sizes will be introduced along with different ‘modes’ of pupil size, known as tonic 

and phasic pupil size. Then, the theories and empirical research regarding the cognitive 
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modulation of pupil size will be reviewed while the emphasis will be on general cognitive 

abilities and mental effort. Next, the objectives and a summary of each paper will be reported. 

Afterwards, the results will be discussed with a focus on what individual differences in pupil 

size may indicate at neural and cognitive levels and conclusions about the present work will be 

presented. Thereafter, a methodological section follows, where the advantages and limitations 

of the present design, materials, and procedures are discussed. In the second part of the thesis, 

three empirical studies are presented that investigated the relationship between individual 

differences in cognitive abilities and changes in tonic and phasic pupil sizes. 

 Pupil size 

The diameter of the human pupil can change from about 4-8 mm to 2-4 mm (Spector, 1990) 

during pupillary light reflex, a mechanism that adjusts the amount of light that enters the eyes 

in a different light, and during pupillary near reflex, a mechanism that adjusts the amount of 

light that enters the eyes when looking at nearby objects. Both bright light and looking at an 

object at a near distance make the pupils constrict (Loewenfeld, & Lowenstein, 1993). However, 

in addition to the light intensity and viewing distance, there are other factors that can affect the 

pupil diameter (Tryon, 1975), including the intensity of cognitive processes (Just & Carpenter, 

1993) and individual differences in cognitive abilities (Aminihajibashi et al., 2019; Beatty & 

Lucero-Wagoner, 2000; Tsukahara et al., 2016; Unsworth, Robison, & Miller, 2019). The 

final size of the pupil is regulated by differences in the contraction intensity of two kinds of 

muscles, named as the sphincter and dilator pupillae, located in the iris, the colorful area around 

the pupil (McDougal, & Gamlin, 2008). The miosis or pupil constriction occurs when the 

sphincter muscles constrict while the dilator is relaxed and the pupil size gets smaller. The 

mydriasis or pupil dilation, on the other hand, happens when the dilators constrict, accompanied 

by relaxation or less constriction of the sphincter, leading to pupil enlargement. These muscles 

are innervated by two pathways of the autonomic nervous system (ANS); the parasympathetic 

pathway whose activation is involved in pupil constriction, and the sympathetic pathway that 

regulates the pupil dilation and the fight and flight responses (Beatty & Lucero-Wagoner, 2000; 

McDougal, & Gamlin, 2008; Wang, & Munoz, 2015). In the following sections, the neural 

pathways of pupil constriction and dilation in response to light will be described because these 

pathways are better known. A similar, but not exactly the same, pathway is also involved in 

pupil near response and pupil cognitive responses, although these responses are less known and 
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their subcortical pathways are also driven by the cortical signals (Mathôt, 2018, McDougal & 

Gamlin, 2008; Wilhelm, Wilhelm, Moro, & Barbur, 2002; Zhang, Clarke, & Gamlin, 1996). 

 Neural pathway of pupillary responses 

1.2.1 Pupil constriction  

 

“The mind of a bigot is like the pupil of the eye; the more light you pour on it, the more it 

contracts.”                        Oliver Wendell Holmes, Sr. The Autocrat of the breakfast table (1858) 

 

Figure 1 illustrates the constriction pathway. In the light environment, light-sensitive cells in 

the retina send a neural signal through the optic nerves to the pretectal olivary nucleus located 

in the midbrain, anterior to the superior colliculus and posterior to the thalamus. Then, the 

neural signals activate the neurons in the Edinger-Westphal nucleus (EWN) whose neurons 

synapses on parasympathetic axons in the oculomotor nerve. Neural outputs project further on 

ciliary ganglion neurons that innervate the iris sphincter muscle through the short ciliary nerves 

which release acetylcholine and lead to pupil constriction. However, the effect of light is more 

complicated. In fact, the light activates both the constriction and the dilation pathway (Mc-

Dougal, & Gamlin, 2008). While the pupil constriction is a direct pathway, the dilation pathway 

is activated indirectly due to the effect of light on the locus coeruleus (LC). The LC is a nucleus 

located in the brainstem (in the Pons), which is the main source of norepinephrine (NE) in the 

brain and sends neural signals to the hypothalamus, which regulates the pupil dilation (Figure 

1, bottom). NE has also an inhibitory effect on the constriction pathway (Samuels & Szabadi, 

2008; Chandler et al., 2019). Therefore, the eventual size will be determined by the differences 

in the contraction intensity of these muscles. 

1.2.1 Pupil dilation 

 

“When we deal with death, the pupils will always be fixed and dilated, which indicates that 

there is no longer brain activity or response.” Ann Hood, The Book that Matters Most (2016) 

 

As illustrated in Figure 1 (bottom), pupil dilation is also controlled by a subcortical pathway 

starting at the hypothalamus and the LC and ending to the iris dilator muscle. Pupils dilate when  
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Figure 1. Pupil constriction pathway (Top). The figure is borrowed with permission from 
“Autonomic control of the eye” by McDougal, D. H., & Gamlin, P. D. (2015). Comprehensive 
Physiology, 5(1), 439–473. Copyright 2019 by John Wiley and Sons and Copyright Clearance 
Center. (Bottom). Reproduced with permission from 2020 American Academy of 
Ophthalmology, http://www.aao.org. 
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there is less light and when the sympathetic system is activated (e.g., when we are aroused) and 

the hypothalamus activates the preganglionic pupil dilation neurons in intermediolateral 

column (IML) of the spinal cord (also called the ciliospinal center). Pupils dilate also when the 

parasympathetic pathway is inhibited at the level of the EWN by projections from the LC to 

IML, especially in response to arousal and mental effort (Steinhauer, Siegle, Condray, & Pless, 

2004), or directly through inhibitory α2-adrenergic receptors (Breen et al., 1983; Koss, 1986). 

Although some studies have shown effects of stimulation of LC on the dilation of the pupil 

(Joshi et al., 2016), a direct projection from LC to the EWN is controversial. It is proposed that 

there may exist a common area, like paragigantocellularis nucleus (PGi) of the ventral medulla 

that projects both to the LC and the EWN (Nieuwenhuis et al., 2011), or the anterior cingulate 

cortex (ACC), which has bi-directionally connections with LC and is part of a network involved 

in controlling autonomic arousal (Costa & Rudebeck, 2016). Signals from the superior 

colliculus can also inhibit the EWN and drive the rapid pupil dilation in the orienting response, 

which is a reaction to a novel or significant change in the environment (Wang & Munoz, 2015). 

Axons of preganglionic neurons in the IML synapse further with the postganglionic neurons in 

the superior cervical ganglion. Then, the neural signals pass through the ciliary ganglion (Figure 

1) and enter the dilator muscle by either short or long ciliary nerves, which release 

norepinephrine and activates the adrenoreceptors leading to pupil dilation. Alternatively, the 

optic canal will be used rather than the ciliary ganglion (McDougal, & Gamlin, 2008). 

 

The neural pathway of pupil dilation is indeed more complex and less understood than the 

constriction pathway, in part, because both the LC and hypothalamus are connected to many 

cortical and subcortical brain areas, which are involved in many aspects of cognition. Therefore, 

although the pupil constriction and dilation have subcortical pathways, they are also under the 

influence of excitatory and inhibitory signals from the cortical areas (Loewenfeld & 

Lowenstein,1993; McDougal, & Gamlin, 2008). However, these cortical regulations occur 

again through the activity of subcortical neuromodulatory nuclei that release different 

neurotransmitters. In fact, all of those so-called classical monoamine neurotransmitters (i.e., 

noradrenaline, dopamine, serotonin, and acetylcholine) were found to have a modulatory effect 

on cognitive processes, on cortical functions, on pupil size, on other kinds of neurotransmitters 

like glutamate and gamma amino butyric acid (GABA) and on each other (Aston-Jones & 

Cohen, 2005; Larsen & Waters, 2018; Mather et al., 2016; Sara & Bouret, 2012). For example, 

it is suggested that in humans, the direct noradrenergic inhibition of pupil constriction is 



 

14 

mediated by the dopaminergic neurons (Yu, & Koss, 2004). Moreover, in addition to the LC, 

there are also other subcortical and cortical with activity correlated with pupil size (e.g., see 

Joshi et al., 2016).  

 Factors affecting pupil size 

As mentioned, there are also some other factors that can affect the pupil diameter. In fact, any 

factor that can affect the sympathetic and parasympathetic pathways can also have a modulatory 

effect on the pupillary responses. While the effect of some factors is mostly state-dependent 

(like the transient effect of substance consumptions, like caffeine, nicotine, alcohol or several 

illegal drugs), other effects are caused by relatively stable traits like neurological disorders or 

aging. Given that these factors can affect individuals’ pupillary behavior differently, it is 

important to control for their confounding effect, especially when the aim of the research is to 

investigate the individual differences.  

1.3.1  Stimulant and hallucinogenic drugs  

While using some drugs like atropine (a cholinergic antagonist), cocaine, alcohol, LSD, 

amphetamine and caffeine can cause pupil dilation (Abokyi, Owusu-Mensah, & Osei, 2017; 

Alderman & Schwartz, 1997; Jaanus,1992; Johnson, 1999; Wilhelm, Stuiber, Lüdtke, Wilhelm, 

2014), the consumption of opioids (Larson, 2008), nicotine (Erdem et al., 2015), morphine, 

clonidine and antipsychotics which are D2 dopamine antagonists (Samuels & Szabadi, 2008) 

cause pupil constriction. These pupil responses result from the excitatory and/or inhibitory 

effects that these drugs have on parasympathetic and sympathetic innervations of iris muscles, 

which interfere with the normal mechanism of pupil response. Except for the consumption of 

caffeine and nicotine that was forbidden during our experiments, the consumption of other 

drugs was of excluding criteria for the recruitment. 

1.3.2 Neurodegenerative disorders 

Similarly, neurodegenerative disorders like Alzheimer's- and Parkinson’s diseases are also 

associated with altered function of autonomic nervous system and pupillary responses (Fotiou 

et al., 2007; Jain et al., 2011). Alterations in pupil size are also reported in the neuropsychiatric 

disorders (Jain et al., 2011) as an indicator of autonomic dysfunction in autism spectrum 

disorder (Anderson, Colombo, & Unruh, 2013; Martineau et al., 2011), anxiety or depressive 

disorders (Bakes, Bradshaw, & Szabadi, 1990; Wehebrink, Koelkebeck, Piest, de Dreu, & 
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Kret, 2018), and schizophrenia (Steinhauer & Hakerem, 1992). Therefore, a comprehensive 

screening procedure is beneficial in individual difference studies of pupil size to increase the  

reliability of the findings. Our participants in Paper II and III went through such a procedure.   

1.3.3 Aging  

Age is another factor that effects ANS (Arnold, Gallagher, Diz, 2013; Hotta & Uchida, 2010), 

the LC neurons (Mather & Harely, 2016), tonic and phasic pupil size (McGee, 2012), along 

with the latency of pupillary response (the time elapsed before initiation of pupil responses). 

Older individuals have an attenuated sympathetic activity, and longer latency (Lobato-Rincón 

et al., 2014) accompanied with smaller pupil size in any light condition (Winn, Whitakar, 

Elliott, & Phillips, 1994; Telek, Erdol, & Turk, 2018). Aging also influences the cognitive 

function, even in the range from 18 to 60 years of age (Salthouse, 2009). In fact, all aspects of 

attention (i.e., divided, switching, sustained, and selective) seem to be affected by advancing 

age (McDowd & Birren, 1990; McAvinue et al., 2012). Piquado, Isaacowitz, & Wingfield 

(2010) found that even after adjusting for age-related differences in pupil responses, the older, 

compared to the younger adults, showed larger pupil sizes in a digit span task although the 

groups did not differ in performance. Therefore, the effect of age on pupillary responses can be 

both directly through its effect on ANS activity and indirect through its effect on cognitive 

decline, which can be accompanied with increases in the required mental effort to perform the 

cognitive tasks.  

 

The aim of this thesis is to investigate the cognitive basis of individual differences in pupil sizes 

while controlling for the effect of light intensity, optical distance, age, drug consumption, 

neurodegenerative and neuropsychiatric disorders and the properties of visual stimuli, either 

through screening procedure or through experimental methods and statistical analyses. Before 

reviewing the cognitive modulation of pupil size, two qualitatively different types of pupillary 

behavior, which indeed represent two ends of a continuum, will be explained in the following 

sections. There is evidence showing that both behaviors can be modulated by psychological 

factors and cognitive abilities. 

 Tonic and phasic pupillary changes 

1.4.1 Tonic pupillary changes 

The tonic pupil diameter refers to the sustained, spontaneous fluctuations (a steady and regular 
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level of slowly dilating and contracting activity) in the pupil size, and is often considered as a 

baseline or absolute pupil diameter (Peysakhovich, Vachon & Dehais, 2017). In the 

experimental design, the tonic pupil diameter can refer either to spontaneous fluctuations under 

resting-state (also so-called pre-experimental or pre-task baseline), i.e., when an individual is 

not performing any specific cognitive task (Aminihajibashi et al., 2019; Tsukahara et al., 2016) 

or to pretrial baseline, which is measured by averaging the pupil sizes before initiation of each 

experimental trial (Tsukahara et al., 2016). In the present work, we have investigated the 

relationship between the level of general cognitive abilities, level of task performance, level of 

task demands, age and both the average and the variation of pretrial and pre-task tonic pupil 

diameters. The relationship between spontaneous changes in the tonic pupil size and arousal 

level (or behavioral states) and between task demands and the task-induced tonic pupil size are 

well documented (Zenon, 2019). Moreover, while some researchers have found a relationship 

between the level of cognitive abilities and the average tonic pupil size, both before and during 

the task (e.g., Heitz et al., 2008; Tsukahara et al., 2016), others have suggested a relation 

between the level of cognitive abilities and the variability of resting-state baseline 

(Aminihajibashi et al., 2019) and pretrial baseline pupil size (Unsworth & Robison, 2017). 

These findings will be reviewed in-depth in the next section (1.5).  

1.4.2 Phasic pupillary changes 

The phasic pupil diameter, in contrast to the tonic state, refers to a transient change in pupil size 

in response to an internal event like imagination (Laeng & Sulutvedt, 2014; Sulutvedt, 

Mannix, & Laeng, 2018) and mental effort (Kahneman & Beatty, 1966) or in response to an 

external stimulus such as a sudden sound (Wang et al., 2014). In experimental studies, the 

phasic pupil size is usually measured as a change relative to the baseline pupil diameter and is 

expressed as task-evoked or event-related pupil size. Therefore, while the typical magnitude of 

the tonic pupil diameter may be between 3-5 mm, the magnitude of baseline-corrected phasic 

changes are small, for example around 0.1 to 0.5 mm, especially when they are cognitively 

driven (Beatty & Lucero-Wagoner, 2000). Task- evoked pupil responses can reflect accurately 

the three criteria that any reliable physiological index of ‘mental effort’ should have; that means 

being able to demonstrate ‘within-task’, ‘between-task’, and ‘between individual’ differences 

(Beatty, 1982). In the present work, we have investigated the relationship between the level of 

general cognitive abilities, level of task performance, age and individual differences in the 

average phasic TEP sizes induced by either increasing attentional workload (in MOT), or alerting  
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and orienting of attention (in Posner’s cueing task). 

1.4.3 Relationship between tonic and phasic pupil size 

The impact of tonic pupil size on phasic pupillary responses is not clear. According to some 

researchers, the magnitude of TEP responses is independent of the magnitude of tonic pupil 

diameter (Beatty, 1982; Bradshaw, 1969; Kahneman & Beatty, 1967). However, some 

experimental findings have shown an inverse relationship between these pupillary components, 

indicating that the larger tonic pupil diameters, induced by manipulating either the luminance 

intensity and working memory load (Peysakhovich, Vachon & Dehais, 2017; but also see 

Steinhauer et al. (2004) ) or the vigilance state (Gilzenrat et al., 2010; Murphy et al., 2011), 

were accompanied with smaller phasic responses in auditory oddball and working memory 

tasks. Evidence of the inverse relationship supports the “law of initial value” proposed by Lacey 

(“greater baseline – smaller reactivity”, 1956) found in the other physiological responses like 

heart rate (Peysakhovich, Vachon & Dehais, 2017). Finally, others have found a positive 

relationship between tonic and phasic pupil size in orienting response showing that a higher 

level of arousal was accompanied with larger tonic pupil sizes and larger phasic responses 

(Sokolov, 1963). In general, it seems that in contrast to spontaneous changes in tonic and phasic 

pupil size, the task-induced changes in tonic and phasic pupil size often correlate together 

positively (Zenon, 2019). We found also a positive relationship between the average of pretrial 

pupil sizes and the mean baseline-corrected TEP sizes, both in the MOT task (in all load levels 

except in load 2) and in all trial types of the Posner cueing task. But at a trial by trial level, 

smaller baselines were accompanied with larger TEP size. However, these relationships will 

not be discussed because they are outside the scope of this thesis. 

 Cognitive modulation of pupil size 

"Every active intellectual process, every psychical effort, every exertion of attention, every 

active mental image, regardless of content, particularly every affect just as truly produces 

pupil enlargement as does every sensory stimulus..." (Bumke, 1911, in Hess, 1975). 

Since the seminal work of Hess and Polt (1960, 1964), the effects of conscious or even 

subconscious cognitive and affective processes on pupil size have been reported extensively, 

which usually has not been larger than 0.5 mm (Beatty & Lucero-Wagoner, 2000; Eckstein et al., 

2017; Laeng, Sirois, & Gredebäck, 2012; van der Wel & van  Steenbergen, 2018). Research 
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has shown an association between pupil size and both basic mental processes like sensation, 

perception and attention, and more complex mental processes like memory, consciousness, 

imagery, learning, decision making, linguistic processes, problem solving and intelligence 

(Beatty & Lucero-Wagoner, 2000; Mathôt, 2018; Zénon, 2019). It is also noteworthy that the 

cortical influences on pupillary behavior can also be constrictive, like the visually mediated 

effects when processing complex stimuli (McDougal & Gamlin, 2015) or effect of changes in 

spatial frequency (Barbur, Harlow, & Sahraie, 1992). In the following sections, the empirical 

findings and the theoretical frameworks for the cognitive modulation of tonic and phasic pupil size will 

be reviewed, while the focus will be on the effect of cognitive components that are investigated in the 

current work.  

 Cognitive modulation of tonic pupil size 

There is well-established evidence that tonic pupil size reflects the overall current level of 

arousal and the transition between behavioral states like being attentive, explorative, stressed 

or sleepy, which is regulated by the level of activity in the LC-NE system. (Figure 2, Aston-

Jones & Cohen, 2005; Berridge & Waterhouse, 2003; Gilzerant et al., 2010; Granholm & 

Steinhauer, 2004; Murphy et al., 2011; Joshi et al., 2016; Rajkowski, Kubiak, & Aston-Jones, 

1993; Samuels & Szabadi, 2008; Sara & Bouret, 2012; Varazzani et al., 2015). The LC tonic 

activity, relative to the phasic discharge, is distinguished by stochastic and slow firing rates (in 

several seconds or minutes), which is similar to the tonic pupil fluctuations. According to 

adaptive gain theory (Aston-Jones & Cohen, 2005), the low tonic LC activity is associated with 

sustained small pupil sizes along with sleepiness or fatigue whereas the high tonic LC activity 

is associated with stress, distractibility, high arousal, explorative behavior and large tonic pupil 

size (Aston-Jones & Cohen, 2005; Devilbiss & Waterhouse, 2011; Mathôt, 2018; Zenon, 2019). 

Finally, a medium level of LC tonic activity is associated with an optimal level of arousal, 

attentiveness, task engagement, better performance, and medium pupil size. This inverted U 

shape relationship between LC activity and performance resembles the well-known Yerkes-

Dodson-like relationship between arousal level and performance (Figure 3).  

 

Increases in the task demands can be associated with increases in the baseline pupil size 

(Peysakhovich, Vachon, & Dehas, 2017; Steiner & Barry, 2011; Steinhauer et al., 2004) and 

lapses of attention (e.g. due to ‘mind wandering’) have has been linked to changes in these 

pretrial baselines (Unsworth, Robison, & Miller, 2018; van den Brink, Murphy, & 
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Nieuwenhuis, 2016). Also, findings have shown that as time passes in the sustained attention 

tasks, the average tonic pupil size and arousal level decreases but the variability of pretrial and 

spontaneous pupillary fluctuations along with attentional fluctuations increases (Fried et al.,  

 

 
Figure 2. Simultaneous neural recordings of the LC activity and pupillometry in a monkey 
shows a close synchronization between the pattern of tonic pupillary fluctuations and the 
pattern of LC activity. Pupil diameter measurements demonstrate the pupil size whenever the 
monkey fixated on a visual spot during the target detection task. Both Figure 2 and 3 are 
reprinted with permission from “An integrative theory of locus coeruleus-norepinephrine 
function: Adaptive gain and optimal performance.” by G. Aston-Jones & J. Cohen, 2005, 
Annual Review of Neuroscience, 28, 403–450. Copyriight 2019 by Copyright Clearance 
Center.  

 
Figure 3. Relationship between modes of LC activity and performance. Performance is optimal 
under phasic mode when the tonic LC activity is moderate and goal relevant stimuli drives 
prominent phasic firings. Reprinted with permission from Aston-Jones & Cohen, 2005. 
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2014; Unsworth & Robison, 2016). Imaging studies have also shown an association between 

spontaneous pupil fluctuations during resting state and activity in the LC and in other brain 

circuitry involved in tonic alertness, 

vigilance, mind wandering, and 

inattentiveness (Breeden et al., 2017; 

Schneider et al., 2016; Yellin, Berkovich-

Ohana, & Malach, 2015). However, 

spontaneous pupil dilations were associated 

with increased activity in the salience 

frontoparietal networks and decreased 

activity in default mode network (Breeden et 

al., 2017; Kuchinsky et al., 2016; Schneider 

et al., 2016).  

 

In addition to these state-related changes in 

the tonic pupil size, some researchers have 

also found a relationship between individual 

differences in general cognitive abilities 

(i.e., intelligence and/or WMC) and both 

pre-task (resting-state) and pretrial tonic 

pupil size. However, there is no consensus 

in the literature. While some have reported a 

positive relationship between them 

(Bornemann et al., 2010; Crough, 1971; 

Heitz et al., 2008; Peavler & Nellis, 1976; 

Tsukahara et al., 2016; van der Meer et al., 

2010), others have found either a negative or 

no relation (Boersma, Wilton, Barham, & 

Muir, 1970; Simpson & Molloy 1971; 

Unsworth & Robison, 2017; Unsworth, 

Robison, & Miller, 2019). Unsworth & 

Robison (2015 & 2017), on the other hand, 

found a negative relation between working 

Figure 4. Three possibilities for the tonic 
locus coeruleus (LC) activity as a function of 
working memory capacity (WMC) and 
deficits in attention control. Low span 
individuals may have lower (a), higher (b) or 
more variable (c) tonic LC activity levels 
than high span individuals. Reprinted with 
permission from “A locus coeruleus-
norepinephrine account of individual 
differences in working memory capacity and 
attention control” by N. Unsworth, & M. K. 
Robison, 2017, Psychonomic Bulletin & 
Review. 24,1282–1311. Copyright 2020 by 
Springer Nature and Copyright Clearance 
Center. 
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memory capacity and greater variation in the pretrial baselines, such that low span individuals, 

compared to high spans, showed greater variability in their pretrial baseline pupil sizes (Figure 

4; bottom panel). According to their account, individuals with lower WMC, compared to those 

with higher WMC, may have a dysregulated LC activity, which is characterized by a more 

variable LC tonic activity level, lower WMC and more lapses of attention. In fact, the cognitive 

modulation of individual differences in resting-state (pre-task) and pretrial pupillary behaviors 

is not clear. Figure 5 presents different possible ways by which individual differences in the 

level of cognitive functioning can be related to tonic pupil sizes. Level of cognitive functioning 

in pretrial baseline models can refer to general cognitive abilities (i.e., intelligence and WMC) 

or level of cognitive functioning in the current task (indexed by overall task performance). Here, 

we have investigated the relationship between age, level of general cognitive abilities and both 

the average and the variation of resting-state (study I) and pretrial tonic pupil diameters (study 

II and III). We have also investigated the relationship between age, task performance, task 

demands (load), and both the average and the variation of pretrial tonic pupil diameters (study 

II & III) using two different attentional tasks. The baseline analyses are not reported in the third 

paper, but they are presented in the Supplementary materials (Table 1)  of this thesis.  

 

 
Figure 5. Mean and coefficient of variation (CoV) of tonic pupil size as a function of cognitive 
functioning and baseline type. Level of cognitive functioning in pretrial baseline models can 
refer to general cognitive abilities (i.e., intelligence and WMC) and/or current state of cognitive 
functioning (i.e., overall task performance). The tonic pupil size or variation in high functioning 
individuals can be larger (a), equal (b), or smaller (c) than that in low functioning individuals. 

a    b    c 
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 Cognitive modulation of phasic pupil size 

Since most studies in the literature have focused on the pupillary changes in response to task-

related events, compared to cognitively driven tonic pupil size, we know more about the phasic 

pupillary responses. However, findings are often at the group level and our knowledge about 

the cognitive basis of differences in phasic pupil size among healthy individuals is limited (van 

der Wel & van Steenbergen, 2018). The cognitively modulated pupil responses are partly 

“voluntary”, in the sense that they depend on individuals’ volitional decision to invest the attentional 

resources. In fact, even the pupillary light response is not just reflexive and can be modulated 

by the cognitive factors that can change the visual awareness and the light perception (Naber, 

Frassle, & Einhaüser, 2011; Mathôt & Van der Stigchel, 2015). For example, both covert attention 

to a bright object (Ebitz, Pearson, & Platt, 2014) and preparation to make an eye movement 

towards a bright object is accompanied with pupil constriction, probably to facilitate a rapid 

pupil light response (Mathôt, van der Linden, Grainger, & Vitu, 2015). Even a subjective (as 

opposed to objective) perception (interpretation) of brightness (Laeng & Endestad, 2012) can 

override the effects of real light intensity and modulate the pupillary light reflex (Laeng & 

Sulutvedt, 2014. These findings were also replicated in neurophysiological studies (Ebitz & 

Moore, 2017) in which neurostimulation of brain areas that are involved in covert attention induced 

larger pupil light response, without any change in the real light intensity.  

 

However, the phasic pupillary cognitive responses typically refer to the effect of cognitive processes on 

the pupillary responses in constant environmental luminance. The other aim of the present work was 

to investigate the cognitive basis of individual differences in these phasic, task-evoked pupil (TEP) 

responses. More specifically, we studied inter-individual differences in the average phasic 

pupillary responses as a function of general cognitive abilities and overall task performance, 

with and without controlling for the age effects, when performing four visuospatial attentional 

tasks. However, only the results from two tasks that are submitted for publication are presented 

here. In paper II, we measured TEP sizes using a “multiple object tracking task” (MOT; 

Pylyshyn & Storm, 1988), in which individuals require sustained, divided, and covert attention 

to track several targets simultaneously and continuously (Alnæs et al., 2014; Doran & Hoffman, 

2010). In paper III, we measured TEP sizes in a Posner’s cueing discrimination task (Posner & 

Peterson, 1990; Sturm, 2003), in which temporal and spatial signals are presented centrally to 

activate attentional alertness and covert (re)orienting.  
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Both tasks seem to involve the selective aspect of attention to attend selectively to specific objects or 

places (Doran & Hoffman, 2010). They both also involve the intensity aspect of attention, which refers 

to the degree with which an individual actively attend to a task or situation, and is usually described as 

the amount of mental effort (attentional resources) or voluntary cognitive control required or 

allocated to perform a given task (Kahneman, 1973; Shenhav et al., 2017). The mental effort or 

the intensity of attention is accompanied with changes in arousal level, and they both are 

influenced by several factors like the moment to moment changes in the level of task demands 

and the amount of available attentional resources. MOT is a well-known paradigm to study the 

intensity aspect of attention by manipulating the amount of required mental effort through the 

“load” level; i.e., the number of to-be-tracked targets. In the Posner’s cueing paradigm, the 

intensity of attention (the arousal or alertness level) can be elevated by presenting informative 

signals that can improve or impair behavior. Increasing the time interval between cue and target 

presentation may also require more mental effort to actively hold the cue-related information 

in the WM and to attend covertly and sustainedly to a certain location. Moreover, the required 

cognitive control may increase in the invalid trials to resolve the conflict that is caused by a 

mismatch between cued and the actual target location; in other words, to disengage, shift and 

re-engage the focus of attention. There is well-documented evidence that these effort-related 

arousal changes can be tracked reliably across different task domains by measuring 

psychophysiological markers like pupil dilations (Beatty & Lucero-Wagoner, 2000). It is 

proposed that the intermediate layers of the superior colliculus (iSC) mediates the fast, orienting-related 

pupil dilations (Wang & Munoz, 2014; Wang et al., 2014), while the slower pupil dilations related to 

the arousal and mental effort were usually found to be related to the activity in the hypothalamus and 

the LC (Aston-Jones & Cohen, 2005; Joshi et al., 2016; Mathôt, 2018). 

 

The objective was to investigate five questions. 1) Whether individual differences in TEP sizes are 

related to the differences in individuals’ cognitive functioning in general (as measured by their 

general intelligence and working memory capacity)? Alternatively, whether 2) they are related 

to differences in the current level of task performance (as an index for individuals’ current 

cognitive functioning and mental state) or 3) to both 1 and 2? Finally, 4) whether individual 

differences in TEP sizes between low and high functioning individuals reveal differences in the 

“amount” of allocated resources or differences in the “efficiency” with which these resources are 

used, or both? In the following sections, the theoretical accounts and empirical findings related 
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to the relationship between mental effort, general cognitive abilities, and phasic pupil dilations 

are presented and discussed.  

1.7.1 Phasic pupillary responses as a function of mental effort  

“All the effort in the world won't matter if you're not inspired.”   

       Chuck Palahniuk, Diary, 2003 

A simple definition of mental effort is the amount of mental work that is required to perform a given 

task (APA Dictionary of Psychology), i.e., the intensity aspect of mental activity. As mentioned, the first 

empirical evidence related to the relationship between mental activity and pupillary changes in the field 

of psychology was reported by Hess and Polt (1964). Not only they found that pupillary changes can 

track the ongoing cognitive processes, but they also demonstrated that this relationship was mediated 

by the level of task demands, i.e., the more difficult multiplication problems induced larger pupil 

dilations. Since then, it has been repeatedly found in different contexts that pupil diameter 

increases in response to the higher amount of mental work, which has been expressed by 

different terms like “processing load”, “task demands”, “task difficulty”, “resource allocation”, or in 

Kahneman’s (1973) term, “mental effort” (Andreassi, 1980; Beatty, 1982; Beatty & Lucero-

Wagoner, 2000; Just, Carpenter, & Miyake, 2003; Goldinger & Papesh, 2012; Kramer, 1990; 

Kahneman & Beatty, 1966; Laeng, Sirois, & Gredeback, 2012; Sirois & Brisson, 2014; 

Mathôt, 2018; van der Wel & van Steenbergen, 2018). According to Kahneman’s (1973) effort 

theory, mental effort refers to allocating our limited central attentional capacity to different 

tasks voluntarily and flexibly to meet changes in task demands. These attentional resources are 

likened to a “general-purpose energy” that is limited and induced by changes in the level of 

cognitive arousal, to enable task performance. In fact, arousal, capacity, attention, and effort 

are used interchangeably in this theory. Kahneman (1973) proposed further that this resource 

allocation is also manifested in the amount of glucose consumption in the nervous system 

during effortful mental activities, but the empirical evidence has shown that the glucose 

expenditure in these states is not much higher than rest states (Kurzban, 2010; Raichle, 2010). 

However, this is still debated, and it may result from the detractors may have not used the most 

sensitive measures. 

 

Since the resources are limited, the exertion of effort is costly. Thus, allocation policy depends 

on feedbacks from available resources, task demands (which in addition to task characteristics, 

depends on task-related cognitive abilities and skills), and cost and benefit trade-offs. As 
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mentioned, research evidence has shown that the amount of allocated resources (mental effort) 

is measurable by changes in physiological, arousal-related responses like pupil dilation. For 

example, using MOT task, researchers have found that when the load (i.e., number of targets) 

and, consequently, task demands, increases, and more mental effort and attentional resources 

are required to keep and update the working memory representations, pupil dilation also 

increases along with the neural activity in brain areas involved in arousal regulation like the LC 

and in the top-down dorsal attentional network (Alnæs et al., 2014; Mäki-Marttunen et al., 

2019; Wahn et al., 2016; Wright, Boot & Morgan, 2013). Results from Alnæs and colleagues’ 

(2014) study are of special importance here because they presented evidence for the 

parametrical increase in the LC activity in humans as a function of mental effort, which was 

operationalized by changes in pupil diameter of each individual. In fact, individual pupil 

dilations (i.e, individuals’ amount of mental effort) were even a better predictor of LC activity 

than the number of targets (i.e., task difficulty). They also found remarkable stability in 

individual differences in pupil dilations in response to cognitive load across the different MOT 

versions and over a lag of several years. We have also reproduced a similar pattern of pupillary 

responses in the present MOT study. Therefore, when task demands change, individual 

differences in phasic pupil responses can be driven by individual differences in the amount of 

both available and allocated resources along with other factors that can influence the arousal 

level (like motivation, fatigue, performance-related anxiety, etc.). In the following sections 

these three aspects of mental effort, i.e., arousal changes; task demands, and resource allocation 

will be discussed more.  

 

 Cortical arousal 

 

“Man may either blush or turn pale . . . but his pupils always dilate”  

Irene Loewenfeld, (1958, p. 237). 

 

The level of arousal is regulated by the balance between the sympathetic and parasympathetic 

systems (Wang et al., 2018). Situations that changes the overall autonomic function leads to 

changes in arousal level. One can describe three types of arousal based on the conditions and 

the major neural areas that mediate the arousal state. The physical arousal refers to 

physiological reactions such as respiratory and cardiovascular acceleration in response to 

threats or physical activities like sports and sexual intercourse. These responses are deeply 
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programmed and are under the control of the brainstem that also regulates wakefulness. The 

affective arousal refers to physiological changes, driven mainly by the brain limbic system, in 

response to emotional stimuli. In fact, the pupil dilates just by viewing images that are arousing for 

individuals (Hess & Polt, 1960), which is modulated by sexual orientation (Hess, Seltzer, & Shlien, 

1965). Both pleasant and unpleasant stimuli (events) can induce emotional arousal and pupil 

dilation (Bradley, Miccoli, Escrig, & Lang, 2008) along with anxiety or interest. Finally, the 

cognitive arousal is driven by cortical signals to the ANS during mental activities like memory 

and attentional processes to modulate the sensory and behavioral responses thorough releasing 

neuromodulators. A higher level of mental activity or “mental effort” is accompanied with a 

higher level of cognitive arousal and pupil dilation (Kahneman, 1973). It is also noteworthy 

that the cognitive arousal (or mental effort) can induce different effects on different 

physiological indices, a phenomenon known as directional fractionation (Lacey, 1967). For 

example, attending to the external events in a bottom-up manner can have a parasympathetic 

effect on heart rate but the sympathetic effect on pupil size. However, effort-related changes in 

arousal are always accompanied with pupil dilations. Therefore, task-evoked pupil responses 

are known to be the most reliable measure of mental effort (Kahneman et al., 1969). As 

mentioned, it is suggested that the inhibitory effect of the LC signals on the parasympathetic 

pathway and the EWN underlies pupil dilations driven by cognitive arousal and mental effort 

(Steinhauer et al., 2004; Wilhelm, Wilhelm, & Lüdtke, 1999). 

 

However, these different components of arousal interact with each other. For example, 

emotionally arousing stimuli can drive selective attention and improve memory (Sharot & 

Phelps, 2004). Interestingly, the personality traits can also mediate this relationship; that is, 

emotional stimuli increase memory in extroverts, but worsen the introverts’ memory (Revelle, 

& Loftus, 1992). Similarly, the changes in cognitive arousal during cognitive tasks can also be 

driven by motor activity and performance-related anxiety, in addition to the intensity of 

attention allocation. In fact, the concept of mental effort has also been used to refer to the 

effortful mental work exerted to compensate for the effects of stressors like sleep deprivation 

and noise (i.e., non-cognitive sources of arousal changes) on task performance (Mulder, 1986). 

Using within-subject design and emotionally neutral visual stimuli along with testing all 

participants in the same room and approximately the same daytime can limit the effect of task-

irrelevant factors that can change the arousal level. Thus, we took them into consideration here. 
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 As also mentioned about the cognitive modulation of tonic pupil size, a low level of arousal is 

accompanied with a reduction in sympathetic outflow and an increase in parasympathetic 

outflow, along with tiredness, sleepiness, boredom and pupil constriction. A high level of 

arousal induces stress and large tonic pupil size. Both low and high levels of arousal are 

accompanied with inattentiveness and declined performance (Figure 3; Aston-Jones & Cohen, 

2005). The optimal level of performance is associated with the medium level of cortical arousal 

and pupil size. According to the arousal theory of motivation (Schachter & Singer, 1962), 

humans get motivated to engage or disengage from a task (e.g., mental or physical activities) 

in order to reach and stay at a level of arousal that is rewarding and optimal for them. While the 

tonic pupil size in the constant light condition is usually considered as a measure of general 

arousal level and the degree of focused (exploitative) or broad (explorative) attentiveness 

(Aminihajibashi et al., 2019; Aston-Jones & Cohen, 2005), the phasic pupillary responses to 

the differing level of task demands are usually referred to cognitive arousal induced by the load-

resource tradeoffs or task-related mental effort (e.g., Alnæs et al., 2014).  

 

 Task demands and mental effort  

Task demands refer to different task features that aggregately determine the level of task 

difficulty or complexity. Different cognitive processes may be recruited to meet the task 

demands and perform a task. Highly demanding tasks can “involve making connections, 

analyzing information, and drawing conclusions.” (Smith & Stein, 1998). Because of the 

association between increases in pupil dilations and load, task demands and mental effort have 

sometimes been used synonymously. However, recent findings have shown that pupillary 

responses reflect the intensity of mental effort only in some aspects of task demands (Mäki-

Marttunen, Hagen, Laeng, & Espeseth, 2019). That is, while increases in the level of load 

(number of targets) induced larger pupil dilations, increases in the level of distracting ‘close 

encounters’ in the MOT task was not associated with larger pupil responses, although increases 

in both load and crowding level deteriorated behavioral performance. Increases in the amount 

of proximity of objects make the MOT task more demanding because it imposes more spatial 

interferences, at the structural level of cortical topographic maps, and the inhibition of non-

target objects will be more difficult (Alvarez & Franconeri, 2007). Moreover, to conclude 

whether larger dilations in response to higher load are induced by increases in task demands or 

by increases in effort exertion, other behavioral or physiological markers are recommended 

(van der Wel & van Steenbergen, 2018). Pupillary dilations that are accompanied with improved task 
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performance (i.e., intra-individual positive correlation between pupil size and performance) support an 

effort account in which an increase in task demands is associated with an increase in actual effort 

investment and better behavioral outcome (Rondeel et al., 2015; van Der Meer et al., 2010; van 

Steenbergen & Band, 2013; Wang et al., 2015 & 2016). When different groups of individuals 

have identical performance in a task but one group has smaller pupil sizes, it may indicate that 

these individuals invested less mental effort, for example, because they have better cognitive 

functioning and skills, and, thus, the task is less demanding for them. But it also can indicate 

that the task was as demanding for individuals with smaller pupil size as for those with larger  

pupil size, but, rather than investing higher mental effort, the former individuals deployed their 

mental effort more efficiently. 

 

However, sometimes larger pupil dilations are not accompanied with better performance. For 

example, bad Stroop performers (i.e., those whose performance is more influenced by 

congruency effect and show a larger difference in response time (RT) in incongruent 

compared to congruent trials), were found to have also larger pupillary Stroop effect (Rondeel 

et al., 2015; we found also the same relation in the Stroop switching task, but also see Laeng 

et al., 2011, for an opposite finding in individuals with generally high Stroop performance 

indicated by very low error rates). That is, larger phasic dilations in response to conflict 

processing in these individuals were not accompanied with lower behavioral Stroop effects. In 

such scenarios, the larger dilations can reflect the effect of higher task demands (i.e., increased 

need for inhibitory mechanisms; as hinted by Kahneman, 2002), but it can also indicate that 

higher mental effort was invested but was not sufficient to compensate for their lower Stroop 

(inhibition) ability (van der Wel & van Steenbergen, 2018). It is also noteworthy that in other 

cases when the task demands exceed individuals’ capacity limitation, performance deteriorates 

and the pupil dilation plateaus or drops (Granholm et al., 1996; Poock,  1973; Unsworth & 

Robison, 2015 & 2018) indicating that increases in task demands were not mirrored in the 

measurements of mental effort anymore because a sufficient amount of resources was not 

available to be allocated (so dilation plateaus), which eventually leads to task disengagement 

and effort withdrawal (and dilation drops). Therefore, despite what Chuck Palahniuk (2003) claims 

in his diary (All the effort in the world won't matter if you're not inspired), at least when it concerns 

the pupil response, it seems that all the inspiration in the world may not matter much, if we do not invest 

the required amount of mental effort or if task demands exceed our available resource. Since pupillary 

dilations can be interpreted in different ways, it is important to control for the confounding 
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factors and rule out alternative explanations. For example, when the research aim is 

investigating the inter-individual differences in the relation between pupil and performance, 

it is recommended to control for the effect of ethnicity and age (van der Wel & van Steenbergen, 

2018). Moreover, when investigating the effect of mental effort, a range of easy to highly 

demanding conditions should be included with an equal number of trials to rule out other 

explanations like the effect of too high task demands and surprise and orienting effect, (Brehm 

& Self, 1989; Braem et al., 2015; Richter, Friedrich & Gendolla, 2008). 

 

 Resource allocation and task performance 

A similar discussion exists also for the relationship between task performance and resource 

allocation. According to resource theories, attention is a limited resource that is allocatable and 

enables task performance (Kahneman, 1973; Navon & Goper, 1979; Wickens, 1984). The 

intensity of resource allocation refers to the actual amount of cognitive resources that are 

invested in a task at hand, relative to the total capacity (Just et al., 2003; Kahneman, 1973). The 

common assumption is that when task demands increase, higher levels of resources are required 

to be available and to be invested to perform the task successfully. Therefore, the level of task 

performance is usually considered as the amount of allocated resources given the difficulty 

level (also known as performance-resource function; Bourke, Duncan, & Nimmo-Smith, 1996). 

However, behavioral performance, alone, may not be sufficient to reveal actual changes in 

resource allocation for several reasons. For example, the performance can simply be the result 

of the ceiling and floor effects (i.e., a skewed distribution of scores with little variance when a 

test is too easy or too difficult, respectively). Poor performance can also result from the quality 

of data (sensory inputs, also known as data limitation), rather than resource limitation (Norman 

& Bobrow, 1979), or from allocating an inadequate amount of resources (Shenhav et al., 2017). 

If task performance were a reliable measure of the amount of available and/or allocated 

resources, there would be no gain in measuring the pupil size. In fact, researchers have criticized 

the concepts of resource theories (e.g., load, capacity) for being obscure and circular because 

the capacity limitation is used to both predict and explain the performance (Franconeri et al., 

2013). Therefore, using both behavioral and physiological markers is also relevant here to track, 

respectively, the effectiveness and the efficiency of resource allocation (Alnæs, 2015).  

 

When increases in task demands are not accompanied with correct responses and larger pupil 

size, this can indicate that a supply of resources may not be available. But it can also indicate 
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that the resources were not allocated due to for example lack of motivation. In fact, a “cognitive 

incentive” model of attentional effort proposes that an individual’s motivation to improve the 

performance is essential for allocating resources and investing effort (Sarter, Gehring & Kozak, 

2006). However, when an increase in task demands is accompanied with correct responses and 

larger pupil sizes, then high task performance can indicate that enough amount of resources was 

available and allocated. Finally, when more demands are accompanied with correct responses 

without larger dilations, it can indicate that either demand manipulations were not large enough 

for these individuals to make a difference in the required amount of resources or they could use 

their available resources effectively and efficiently (instead of allocating more resources). One 

question that has been raised, nevertheless, is whether there is a single resource or multiple 

resources and which consequences a single- or multiple-resource can have for individual 

differences in pupillary cognitive responses.  

  

 Single and multiple resource theories of attention 

While the filter theories of attention deal with the selective aspect of attention and emphasize 

on the competition to accesses the specific processing structures (Broadbent 1958; Treisman, 

1964), the resource theories of attention (Kahneman, 1973; Moray, 1967) have focussed on the 

intensity aspect of attention. In this respect, the attentional constraints are not (only) related to 

the early perceptual filtering or to the late semantic filtering, but are related to how much 

attention is required in a given situation and how much resource is available. Both Kahneman’s 

(1973, Figure 6) effort theory and Moray’s (1967) model of human operators propose that 

attention (cognitive system) is a single processing resource with a limited capacity that can be 

flexibly allocated to different tasks. This central, limited capacity is similar to Spearman’s 

(1927) concept of “general intelligence or g factor”, which he described it as mental energy that 

is required to perform any kind of intellectual task (Mulder, 1986). Moreover, this general 

resource was suggested to be related to the brainstem reticular activating system functioning 

and pupil size (Beatty & Wagoner 1978; Luria, 1973; Beatty, 1982). However, the single 

resource theories could not explain some series of empirical findings. The first series is known 

as the “perfect time-sharing” effect, which refers to the ability of multitasking and divided 

attention without any observable interference in performance. These studies have shown that 

after enough practice in some dual-task paradigms, some individuals can perform both tasks 

with the same performance rate as each task alone. Some researchers argued that if there was 

only a single processing resource, the timesharing effect would not be possible because then  
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Figure 6. Representation of Kahneman’s single resource theory (top) and the structure of 
Wickens’s four-dimensional resource theory (bottom). Respectively, reprinted  with permission 
from Attention and Effort by D. Kahneman, 1973, Englewood Cliffs, NJ: Prentice-Hall, and 
from “Multiple resources and performance prediction.” by C. D. Wickens, 2002, Theoretical 
Issues in Ergonomics Science, 3(2), 159–177. Copyright 2020 by SAGE Publications and  
Copyright Clearance Center. 
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these processes would compete for the same resources (Schumacher et al., 2001; Wickens, 

1984). However, the time-sharing effect was sometimes attributed to the methodological factors 

(like changes in the temporal features of the tasks) that make these dual tasks easier than single 

tasks to accomplish. Individuals’ executive control strategy and personal preferences were also 

found to be important for individual differences in timesharing effect. That is, even after enough 

practice, those with conservative strategy or a cautious (versus a daring) task scheduling 

postpone one of the tasks and show dual-task interference, although, potentially, they are 

capable of perfect time-sharing (Schumacher et al., 2001).  

 

But then the second series of findings came from studies in which the modality of sensory 

inputs or behavioral outputs in dual tasks were changed while the difficulty level of tasks was 

kept constant. In contrast to what was expected from single resource theories, when the same 

modalities (visual and auditory) were used in both tasks, these structural alternations worsened 

the performance even though the total resource demands was not changed (Treisman & Davies, 

1973; Wickens, 1984). To explain these findings, several theories were proposed including the 

theory of automatic and controlled processing (Shiffrin & Schneider, 1977), the multi-channel 

theories of attention (Allport, Antonis, & Reynolds, 1972) and multiple resource theories 

(Navon & Gopher, 1979). While in the automatic theory, the degree of required cognitive 

control accounts for the time-sharing effect, the multiple-resource theory suggests that in 

addition to a central resource, there are some specific functional resources (Beatty, 1980).  

 

Wickens’s (1984, 2002) multiple resource model aimed to explain the variations in time-sharing 

efficiency among individuals through a hierarchical resource structure, similar to Spearman’s 

(1972) two-factor model of cognitive abilities, and Baddeley & Hitch's (1974) model of 

working memory (Mulder, 1986). He postulated that there may be an “undifferentiated” pool 

of resources that is required by all tasks, which is equivalent to the Spearman’s concept of g 

factor and Baddeley & Hitch's concept of the central execution unit. However, there are also 

separate, limited pools of resources for processing stages (perception, cognition, and 

responding), along with modality-specific resources for the processing of visual, auditory, 

verbal and spatial codes and responses (Figure 6, bottom). According to Wickens’s theory, 

time-sharing is possible when two different tasks require different resources. Similar concepts 

were proposed by three slave components of Baddeley & Hitch's model and Spearman’s 
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concept of specific abilities that are required for performance in specific tasks (Mulder, 1986). 

However, since the dual-task interferences have been found in many domains, according to 

multiple resource accounts, these interferences result from competing for the specific resources 

that are shared between tasks (Ruthruff, Hazeltine, & Remington, 2006). In fact, Kahneman 

(1973) also suggested that in addition to global resources, there may also be competition for 

“local” processing “structures”, but he still differentiates between structures and resources. 

Wickens’s theory, by contrast, combines the structure (filter) and resource theories of attention 

proposing that there are limited resources within processing structures. 

 

 

 
Figure 7. A schematic of attentional resource allocation across sensory modalities and type of 
task. Green, blue, and red lines indicate distinct, partially shared, and shared attentional 
resources, respectively. Reprinted  with permission from “Is Attentional Resource Allocation 
Across Sensory Modalities Task-Dependent?” Wahn, B., & König, P. 2017, Advances in 
cognitive psychology, 13(1), 83–96. https://doi.org/10.5709/acp-0209-2  

 

A recent review article (Wahn & König, 2017) gathered available evidence for allocating both   

shared, partially shared, and distinct attentional resources based on task type (i.e., object-based, 

and spatial attentional tasks), and type of involved modalities (i.e., visual, auditory and tactile; 

Figure 7). However, in object-based attentional tasks, whether a task is time-critical or not is 

also important for which attentional resources will be prioritized to recruit. Moreover, the level 

of task demands is also an influential factor for differential recruitment of attentional resources 
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when performing both object-based and spatial tasks. Finally, the predictability of an event 

(e.g., time of stimulus presentation) is also relevant for resource allocation across modalities. 

Both MOT and Posner cueing task can involve some aspect of object-based and spatial attention 

(Doran & Hoffman, 2010; Pylyshyn, 2004; Reppa, Schmidt, & Leek, 2012). 

 

Last but not least, Alvarez and Cavanagh (2005) found evidence for a separate pool of resources 

for attentional selection in each cerebral hemisphere. That is, when performing a multiple-

object-tracking (MOT) task, the number of targets that individuals could track successfully 

increased (doubled) when targets were divided between the left and right visual hemifields, 

compared to when they were presented within a hemifield. Since performance in other tasks 

like visual search and memory storage does not show the same degree of hemifield 

independence, the authors speculated that these hemifield independent resources of attentional 

tracking may result from a limited capacity for target selection in initial attentional processes. 

In other words, higher-level processes are less influenced by the existence of separate resources 

in each hemisphere, because the information will eventually reach both hemispheres later on in 

processing stages.  
 

Whether there exists a central limited capacity or there are multiple limited resources may also 

have implications for the individual differences in the task-evoked pupil sizes. For example, 

when performing dual tasks that use non-overlapping modalities for perceptual input and motor 

responses, if there are multiple resources, then increasing the task demands in one task will not 

have an effect on the pupillary cognitive responses in the other task, even in low performers. 

Or, given the effect of other factors like anxiety or allocating some shared processing resources, 

the effects will be much smaller, compared to dual task paradigms with overlapping modalities. 

Similarly, when a same group of individuals is tested by different attentional tasks in the same 

day and same environment, but the measurements of behavioral and pupillary responses across 

tasks are uncorrelated or the correlations between measurements of behavioral and pupillary 

responses are substantially higher within each task than between tasks, it shows that one can 

have high cognitive functioning in one task but not in the other. This can further indicate that, 

at least in part, some distinct or partially shared resources were recruited to perform these tasks. 

Finally, as also discussed in the next section, if TEP sizes correlate with the measurements of 

task performance (as an index for allocation of task-related resources), but not with the 

measurements of general cognitive abilities, then a putative attentional resource may differ from 
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the general cognitive resource. In other words, Kahneman’s term of mental energy will not be 

the same construct as the Spearman’s mental energy, and there seems to exist multiple cognitive 

resources. However, if the single resource construct refers to a general, arousal-related attentional 

capacity that is deployed in all effortful attentional tasks, then it should be possible to use a principal 

component analysis (PCA) based on TEP sizes of same individuals across several attentional tasks and 

estimate a “general attentional resource component” which can predict the performance of an individual 

in attentional tasks. Since we had this kind of data, and the aim of present work is to study the cognitive 

basis of pupillary responses, the last scenarios are investigated in the discussion of this thesis.  

 

Both the single and multiple resource theories are criticized for not being clear about what these 

“resources” are and, if there are multiple, how they work together. Therefore, regardless of 

being single or multiple, some researchers (Beatty, 1982; Just et al., 2003; Siegle et al., 2003) 

have emphasized that TEP responses reflect a global measure of allocated resources or level of 

cortical arousal required for the (task-related) computations in distributed processing structures. 

Some other researchers have proposed a modified definition of mental effort with more focus 

on its operationalizability. For example, Shenhav and colleagues (2017) have recently defined 

mental effort as allocating cognitive control processes rather than allocating mental resources, 

which might seem to have a vaguer nature. According to this definition, mental effort is the 

“duration” or the “amount” of top-down active cognitive control that, depending on an 

individual’s cognitive capacity and task characteristics, is required to mediate the task 

performances. At the neural level, theoretical models and empirical research indicates that when 

the invested effort is not sufficient to perform a task (or a trial) successfully, the brain areas 

involved in cognitive control and cost and benefit trade-off (e.g., anterior cingulate cortex, 

Orbito-frontal cortex, insula), send a signal to both norepinephrine and acetylcholine systems, 

which, in turn, regulates the neural gain in the task-relevant brain areas and optimize the amount 

of invested effort (Aston-Jones & Cohen, 2005; Sarter et al., 2006; van der Wel & van 

Steenbergen, 2018). Thus, individual differences in mental effort defined as cognitive control 

(and consequently in TEP sizes) may be related to the functioning of neuromodulatory systems 

like the LC rather than or in addition to the functioning of cortical processes. In fact, Just and 

Carpenter (1992, 2003), defined cognitive resources as the amount of neural activity that can 

be potentially available for information storage and processing.	Mather and colleagues (2016), on 

the other hand, proposed the concept of “focused arousal” in their GANE (glutamate amplifies 

noradrenergic effects)model, in which LC, as a single arousal resource, can influence specific task-
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related cognitive mechanisms through interactions with other neurotransmitters like glutamate. What 

these theories have all in common is that an adequate increase in the level of task demands and 

allocated mental effort is associated with an increase in pupillary dilations.  

 

 Cognitive functioning and mental effort 

Last but not least, how demanding a task is and how much effort, control or resources we need 

to allocate to do a task successfully, depends also on our cognitive abilities. A schematic of all 

discussed factors related to the mental effort is illustrated in Figure 8.  

 

 
Figure 8. A schematic of different factors related to mental effort. 

 

The better one is in a task (for example due to practice effect; Spelke, Hirtz, & Neisser, 1976; 

Underwood, 1974), the less amount of effort and resources will be required to accomplish it, 

especially when divided attention is required. However, cognitive abilities can refer both to our 

general cognitive abilities, which may be more and less required in performing all kinds of tasks 

(Deary, 2000), and to our cognitive functioning and skills in a specific task. In fact, as 

mentioned, the models of cognitive abilities are similar to resource theories of mental effort. 

While the concept of g factor (Spearman, 1904; 1927; Gottfredson, 1997) resembles the central 

resource notion; the majority of theories of intelligence including the factorial models 

(Spearman, 1927; Carroll; 1993; Gardner, 1999; Sternberg; 1985; Thurstone, 1938), similar to 

multiple resource theories, propose that there are different specific cognitive abilities. That 
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being so, the effect of general cognitive abilities and task demands on task performance and 

phasic pupillary responses have been accounted for by how much resources individuals have 

and/or how efficient they use their resources (Bornemann et al., 2010; see next section). 

Nevertheless, task performance may indeed be a better index of cognitive abilities than 

cognitive resources because better performance can always indicate better cognitive 

functioning in the current task or state irrespective of how much resources an individual has or 

how these resources were allocated.  

1.7.2 Phasic pupillary responses as a function of general cognitive abilities 

General cognitive abilities are here measured by estimating individuals’ g factor and WMC. 

Individuals’ IQ was also measured in the sample that was used in Paper II and III, but since 

similar results were found when using IQ scores, they were not reported to keep it concise. 

After introducing these constructs, the empirical findings from pupillometry studies will be 

presented along with different accounts that were proposed to explain the findings. 

 

 General intelligence or g factor 

 

“Intelligence is the ability for an information processing system to adapt to its environment 

with insufficient knowledge and resources.”       P. Wang, 1995 

 

General cognitive ability is usually described as a general limited mental capacity that is 

measured by different aspects of cognition like spatial and verbal ability, information 

processing speed, memory, reasoning, and problem solving. An individual’s general cognitive 

ability is typically measured by standardized intelligence tests (Hunter, 1986) or estimated by 

use of statistically driven parameters like the g factor (gF, Spearman, 1904; Deary, Penke, & 

Johnson, 2010; Johnson, te Nijenhuis, & Bouchard, 2008). In fact, intelligence, general 

cognitive ability, g factor and IQ has been used interchangeably, but the IQ is a measurement 

of an individual’s g factor compared to the general population, or general intelligence is g plus 

several more specific cognitive abilities and skills (Jung & Haier, 2007). The g factor provides 

a general estimation of what these abilities have in common, which often explains near 40% of 

the variance among scores from different tests and can predict many aspects of life 

achievements in middle-aged adults better than IQ (Gottfredson, 1997; Plomin, 1999).  
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Although there exists a broad agreement on the existence of the g factor, it is not clear why 

there is a positive correlation between tests or what the g is (Warne, Burningham, & Cassidy, 

2019). While Spearman defined it as “mental energy”, Jensen and Wechsler described it as a 

general property of the brain and the speed or the efficiency of neural processes, rather than  

ability (Jensen, 1998). This latter interpretation is in accordance with the “parieto-frontal 

integration theory” (Jung & Haier, 2007), which is considered to be the best theory regarding 

the biological basis of intelligence (Deary, Penke, & Johnson, 2010), and proposes that the 

greater general cognitive ability (measured by Raven’s Progressive Matrices Test or Wechsler 

Intelligence Scales) results from more efficient communication or integration between different 

brain regions or between the activities of large scale brain networks.  

 

A related account is proposed by Duncan (2010, 2013), in which a “multiple demand” (MD) 

system of some frontopartietal regions is introduced that is involved in performing any 

(complex) cognitive tasks including fluid intelligence tests. The fluid intelligence, as opposed 

to the crystallized intelligence, refers to the ability of learning and solving new problems 

through abstract reasoning (Cattell, 1963) and is considered as the best measure of g factor 

(Raven, Raven, & Court, 1988). According to this account, the function of both the MD system 

and the fluid intelligence is to split a complex mental activity into simpler, focused attentional 

episodes. These multiple operations should be separately and successively processed and then 

assembled to reach the final goal. Failure in any of separation, the transition between, and 

assembly of task parts leads to individual differences in the measurements of fluid intelligence.  

 

Although highly controversial, neuroscientific findings also provide some evidence for the 

relation between g factor and the size of the brain, brain volume, cortical thickness, the integrity 

and organizational efficiency of white matter (Deary, et al., 2010). A recently published meta-

analysis article (Basten, Hilger, & Fiebach, 2015) has shown that the structural and functional 

correlates of intelligence are distributed in the brain and do not overlap with each other (Figure 

9) but match with the Jung and Haier theory. It also shows intelligence-related subcortical areas 

located in caudate and midbrain and the frontoparietal brain areas that are important for the 

cognitive control processes.  

 

However, according to Flynn (2012), the g factor is useful for describing individual differences 

in cognitive abilities but not for explaining the brain physiology or social abilities. Moreover, 
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some have questioned the existence of g factor as an underlying capacity from the beginning. 

For instance, Thomson (1916) proposed in the “sampling” theory that the intercorrelation 

between mental tests results from an overlap between mental processes that are uncorrelated 

but are more and less recruited in all tests. Similarly, the “mutualism” theory (van der Maas, 

Kan, & Borsboom, 2014) suggests that mental processes are independent but under the 

development, they tie relations because they mutually benefit from each other. In other words, 

it acknowledges the positive manifold but not the existence of a g factor as a casual source of 

it. In fact, the majority of cognitive ability theories postulate that there are several distinct 

cognitive abilities (e.g., Gardner, 1983; Sternberg, 1985; Thurstone, 1938), although there is 

still a broad contemporary consensus on the hierarchical models of cognitive abilities, 

like “three stratum theory” (Carroll, 1997) and “Cattell–Horn–Carroll theory” (Jensen, 1998).  

 

 
Figure 9. The structural and functional correlates of intelligence. “Lateral (left) and medial 
(right) surfaces of the brain. ACC: anterior cingulate cortex; PCC: posterior cingulate cortex; 
PFC: prefrontal cortex; (pre)SMA: (pre-) supplementary motor area; VBM: voxel-based 
morphometry.”Adapted from “Where smart brains are different: A quantitative meta-analysis 
of functional and structural brain imaging studies on intelligence” by Basten Hilger, & Fiebach 
(2015). Intelligence, 15. 10-27. Copyright 2019 by Elsevier and Copyright Clearance Center.  

 

 Working memory capacity (WMC)  

Working memory is another hypothetical construct related to general cognitive abilities. It is 

usually described as a capacity-limited cognitive system (around 4 ± 1 chunks of items, Cowan, 

2001) that similar to the CPU of a computer is involved in temporarily holding, manipulating 

and retrieving task-relevant information. The storage component of WM can be considered as 

short term memory whereas the manipulation part that is involved in, for example, sorting the 
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information based on some instructions, refers to the attentional control aspect of WM 

(Unsworth & Engle, 2007). While some researchers (e.g., Melton, 1963) proposed that there is 

a single store in which short and long term memory are not separate systems but different points 

on a continuum, the majority of WM theories have proposed models with several systems 

(Baddeley & Hitch, 1974; Wilhelm, Hildebrandt, & Oberauer, 2013). Perhaps the most 

influential model of WM is the four-component model proposed by Baddeley and Hitch (1974, 

2000), which similar to multiple resource theories and the contemporary models of intelligence, 

has a hierarchical structure. The “central executive” is considered as a supervisor that direct the 

attention to relevant information and coordinates the other three components that are known as 

“slave systems”. The “phonological loop” and the “visuospatial sketchpad” hold the kind of 

information that they are named after, and the “episodic buffer” binds the phonological, visual, 

and spatial information along with other types of data into a unitary episodic representation.  

 

There are also three theoretical views on individual-differences in WMC. According to the 

“executive-attention” view of WMC (Engle, 2002), WMC is not about storage capacity but 

about cognitive control capacity in the face of interference or distraction. The theory considers 

three inhibition, switching and updating components for the WM. However, Unsworth and 

Engle (2007) proposed later a “dual-component model” in which WM consists of a primary 

and a secondary component that is, respectively, involved in a temporary maintaining of 

information and a longer-lasting retrieval process. Thus, individual differences in WMC results 

from differing capacity in the storage and manipulation components. Some imaging studies 

have also found that different brain areas; i.e., dorsolateral and ventrolateral prefrontal cortex, 

are activated during maintenance and manipulation, respectively (D’Esposito et al., 1999; 

Diamond, 2013; Eldreth et al., 2006, Smith & Jonides 1999; Unsworth & Engle, 2007). Finally, 

the “binding” theory suggests that the limited capacity of WM results from interference in 

building, maintaining, and updating of temporary bindings between items, objects, and 

concepts (Wilhelm, Hildebrandt, & Oberauer, 2013).  

 

 Since one or several of WM components are required in any ongoing cognitive task, the WM 

is also considered as a general cognitive ability construct that its capacity can predict the 

outcome of higher-order cognitive processes (Miyake & Shah, 1999; Unsworth & Robison, 

2017; Wilhelm et al., 2013). In fact, some have suggested that WMC is an identical construct 

with gF (Jensen, 1998), is the basis of gF (Engle et al., 1999), or a very strong predictor of gF 
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(Kane, Hambrick, & Conway, 2005; Oberauer et al., 2005). Using structural equation modeling, 

a similar general factor was found for WMC that correlated highly with fluid intelligence 

(Wilhelm et al., 2013). Moreover, like intelligence, a distributed cortical and subcortical brain 

areas are also activated during WM tasks (Smith & Jonides 1999; Unsworth & Robinson, 2017). 

However, others consider WM and gF to be distinct constructs with a much more moderate 

relationship (Ackerman, Beier, & Boyle, 2005). The mutualism theory goes further and 

suggests that the WMC, opposite to g factor, is a realistic component of intelligence that 

involves distinct brain processes (var der Maas et al., 2014). Nevertheless, given the high 

correlation between measurements of WMC, the g factor, and fluid intelligence (Conway, 

Kane, & Engle, 2003; Fukuda, Vogel, Mayr, & Awh, 2010; Kvist & Gustafsson, 2007; 

Kane, Hambrick, & Conway, 2005), any of these constructs should, in principle, constitute a 

reliable index of general cognitive abilities.  

 

Individuals' WMC can be measured in many different ways. Although it is recommended to 

use more than one task to measure this construct, this choice depends on the available resources, 

how WM is defined and what the research aim is (Wilhelm et al., 2013). Wilhelm and 

colleagues found, in fact, that four task classes can be used as a reliable index of WMC, 

although the binding and updating tasks were best in predicting a general WM factor. One of 

the most widespread measures of WM among European psychologists is “Letter-Number-

Sequencing” task (Evers et al., 2012), which was also used in the present work. The task is a 

subtest from the Wechsler Adult Intelligent Scale-Third Edition (WAIS-III; Wechsler, 2003). 

It consists of strings of unsorted numbers and letters in varying length and participants are asked 

to organize the numbers in ascending order and the letters in alphabetic order. Thus, it is not a 

simple storage test, and similar to complex span tasks requires manipulation of items. Complex 

span tasks have a higher predictability power to account for variability in the daily life task 

performances (Mielicki et al., 2018). The total LNS scores correlate highly with laboratory 

measures of WMC (Shelton et al.2009), and with a composite score of three separate operation 

span tasks, r= .53 (Hill et al., 2010). Previous studies have found modality effects in visual vs. 

auditory administrations of LNS (Engle, 2015; Mielicki et al., 2018). Moreover, in addition to 

the storage capacity, the LNS performance was related to processing speed and visual spatial 

working memory (Crowe, 2000). The performance was also effected by age-related differences 

(Myerson et al., 2003), which did not seem to be related to a general problem in information 

manipulation component (Emery, Myerson, & Hale, 2007). 
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 Pupillary correlates of individual differences in general cognitive abilities 

Although some pupillometry studies have investigated the relationship between individual 

differences in general cognitive abilities (i.e., WMC, and gF) and TEP size, it has remained 

little studied and the results have been inconclusive (Ahern & Beatty, 1979; Bornemann et al., 

2010; Heitz, Schrock, Payne, & Engle, 2008; Peavler & Nellis, 1976; Tsukahara, Harrison, & 

Engle, 2016; van der Meer et al., 2010). In theoretical terms, there exist four cognitive accounts 

in the literature that can accommodate the existent contradictory findings regarding the effect 

of general cognitive abilities and cognitive load on task performance and pupil dilation (Ahern 

& Beatty, 1979; Unsworth and Robison, 2017a; van der Meer et al., 2010). These accounts are 

presented in the following sections. A schematic of the three accounts is presented in Figure10.  

 

Efficiency account. This hypothesis (Ahern & Beatty, 1979) predicts that highly intelligent 

individuals have the same amount of resources as the normal controls but they just use these 

resources more efficiently. Therefore, they typically show smaller TEP dilations than normal 

controls, even though they can outperform them. For example, Ahern & Beatty (1979) measured 

individuals’ intelligence with scholastic aptitude test and found that more intelligent students, compared 

to less intelligent fellows, always showed smaller pupil dilation when solving mental arithmetic 

problems with three levels of task difficulty, indicating a more efficient allocation of resources in any 

level of task demands. These findings are in accordance with “neural efficiency hypothesis” (Dunst et 

al., 2014; Haier et al., 1988) and findings from imaging studies showing that there are more efficient 

interactions between brain areas in smarter individuals or in high performers (those with faster 

response time) than low performers so that they required less prefrontal executive control to 

perform a simple processing speed task successfully (Rypma et al., 2006). However, it seems 

that efficiency cannot explain other differences between individuals. In fact, it is argued that 

Ahern & Beatty’s findings resulted from the familiarity of the tests for those intelligent students. 

In other words, the task was easier for high aptitude individuals, so rather than being more 

efficient,  they just did not require much effort to perform it correctly (Larson et al., 1995). 

 

Effort account predicts that individuals with high general abilities generally tend to invest 

more cognitive resources across all types of tasks (Ahern & Beatty, 1979; for example because 

they may be more motivated or because they have differing LC activity and brain connectivity). 

Thus, highly intelligent individuals always show greater TEP dilations. In fact, one recent study 

has reported that participants with higher gF and higher WMC (measured by complex span 
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tasks) had consistently larger pre-task, pretrial and task-evoked pupil sizes than those with 

lower WMC and gF (Tsukahara et al., 2016). This may indicate that they had more resources 

available and also allocated more resources in all conditions. Due to the solid relationship 

between the pupil and the LC activity, the authors suggested a neurobiological interpretation 

for their findings. That is, individuals with higher fluid intelligence may differ in underlying 

LC-NE activity from those with lower gF, leading to stronger functional connectivity in several 

brain networks (Song et al., 2017) and larger pupil size under resting-state and task performance 

in the former than the latter group. However, there is no consensus in the psychophysiological 

literature that individuals with higher WMC or gF allocate consistently more resources/effort. 

 

Resource account (van der Meer et al., 2010) proposes that individuals with high general 

abilities have more resources available and can outperform normal controls but only on the 

most demanding conditions, resulting in better performance and greater TEP dilations in 

response to these conditions. Similarly, Bornemann and colleagues (2010) used Ravens 

Advanced Progressive matrices and forward digit span task to measure fluid intelligence and 

working memory capacity, respectively. They found that those with higher general abilities 

outperformed those with an average level of abilities in two cognitively high-level tasks, but 

showed a task-dependent resource allocation strategy. That is when the task was novel, the 

intelligence scores correlated with both performance and TEP sizes, and the high ability group 

invested more resources (reflected by larger TEP responses). But when the task was familiar, 

highly intelligent individuals allocated their resources more efficiently; i.e., they outperformed 

the average group without showing larger TEP sizes. The level of task difficulty did not affect 

pupil dilations, neither alone, nor in interaction with fluid intelligence. Other findings have 

revealed that individuals with higher general abilities showed larger TEP sizes only when the 

task was demanding and monetary reward was offered (Heitz et al., 2008). Lee and colleagues 

(2015) also found that high intelligent individuals could modulate their resource allocation 

strategy based on the type and difficulty level of the task.  

 

A common feature of these accounts seems to be the single resource theory, which interprets 

the TEP sizes as reflecting the amount of allocated resources relative to a central limited 

cognitive resource. While the efficiency account proposes that individuals with high general 

cognitive functioning are just more efficient in resource allocation, the other accounts suggest 

that these individuals have also more resources available to allocate, especially when the task 



 

44 

gets demanding (Figure 10). However, there are also other possibilities. As also mentioned at 

the end of the mental effort section, one possibility is that individual differences in TEP 

dilations may reveal individuals’ differing level of cognitive functioning (and hence differing 

amount of required mental effort) in the current task and state. In other words, rather than the 

differing level of general cognitive traits, it is the level of task engagement (motivation and 

interest) and level of specific, task-related processing resources or abilities that matters for the 

individual differences in TEP sizes, especially when the task gets demanding. In this case, the 

pattern of relationship between TEP sizes and individuals’ level of cognitive functioning can 

still be consistent with the resource, efficiency or effort accounts, but at the level of task 

performance, as an index of the current level of cognitive functioning in the current task (Figure 

10, bottom plots).  

 

 

 

Figure 10. Phasic, task-evoked pupil size as a function of cognitive functioning and task 
demand as proposed by different accounts and resource theories. Level of cognitive functioning 
refers to both level of general cognitive abilities and task performance. If the central attentional 
capacity differs from the general cognitive capacity, or if individual differences in TEP sizes 
reflect the level of cognitive functioning in the current task and state, rather than the level of 
general cognitive functioning, then TEP sizes will only be relate to the level of task 
performance.  

 

This state- and task-specific account of individual differences in TEP sizes can still be 

explained by single resource theory. In fact, how much resources are required or invested can 

depend on task-related cognitive abilities and situational level of task demands, motivation and 

arousal irrespective of there are a single or multiple pools of resource. However, if there is only 
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a central resource that its capacity can be reflected in both indices of general cognitive abilities 

and task performance, then individual differences in the TEP sizes should reflect the level of 

cognitive functioning, either it is measured by g factor or task performance (Figure 10, top 

plots). Otherwise, the general cognitive capacity seems to be different from the central capacity 

that is reflected in TEP sizes. Moreover, if multiple-resource or multiple intelligence theories 

hold and there are several processing resources or several specific cognitive abilities, then it 

would not be unexpected to find that individual differences in the TEP sizes, especially in highly 

demanding conditions, are related to individuals’ level of cognitive functioning in a given task.  

 

It is noteworthy, however, that the differentiation between the effect of general versus the 

current level of cognitive functioning on differences in TEP sizes may depend on the tasks that 

are used in the pupillometry investigations and in measuring the general abilities. That is, the 

more the nature and the cognitive processes that are involved in a given task under pupillometry 

differ from those that are involved in the tests used to measure the general abilities, the more 

individual differences in TEP sizes will be related to the measurements of task performance 

rather than general cognitive scores. In fact, the similarity between tasks can also explain the 

above results regarding the effect of general abilities on TEP sizes because TEP sizes were 

measured while participants were performing tasks that were very similar to general ability 

tasks. For example, as mentined, findings from Ahern and Beatty’s (1979) study has been 

interpreted as an effect of practice. That is, high IQ students had always smaller pupil sizes 

because those students were well-practiced in solving mental arithmetic problems, which were used 

in  the Scholastic Aptitude Test. Otherwise, when the task is not well-practiced and cognitive 

control is required to perform the task successfully, we can expect effects of individuals’ level 

of task performance on pupil size to emerge whenever the task becomes demanding and 

differing amount of mental effort is required (Bornemann et al., 2010; van der Meer et al., 

2010). Similarly, in Tsukahara et al.’s (2016) study, TEP sizes were measured while performing 

working memory tasks that were very similar to the tests that were used to measure participants’ general 

abilities. In a very recent study, Lu and colleagues (2020) combined the efficiency and resource accounts 

to explain the differential pupillary responses in individuals with different fluid intelligence in a task- 

and state-dependent manner. According to this “integrated control hypothesis”, the highly intelligent 

individuals control their attention resource allocation based on the task type and task demands. That is, 

when the task was demanding, in the exploration task (a mental paper folding task), those with a higher 

level of intelligence (measured by Raven’s Advanced Progressive Matrices, RAPM) invested more 
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resources than less intelligent individuals. It is, however, noteworthy that the larger TEP sizes in 

response to demanding states were observed only in the male, but not female, intelligent participants. In 

other words, neither the main effect of fluid intelligence level nor its interaction effect with the level of 

task demands on pupillary or behavioral responses was significant. Thus, it seems that these effects 

reflect gender differences in arousal level of intelligent males compared to the females. In the 

exploitation tasks (a geometric analogy task), however, highly intelligent individuals invested their 

resources efficiently, as reflected by smaller pupil responses, irrespective of the amount of task demands. 

Nevertheless, since the RAPM and the geometric analogy task both involves similar reasoning 

processes, similar to results from Ahern and Beatty’s (1979) study, the smaller TEP sizes in highly 

intelligent individuals, which was also accompanied with better task performance, can refer to the effect 

of task ability and task similarity.  

 

Variability account. In addition to this potential state- and task-specific account, there is 

another account that explains some findings from studies on the cognitive control view of 

WMC. As also introduced in the tonic pupil size section, the “variability account” (Unsworth 

& Robison, 2017a) is based on research evidence indicating that lower WMC is accompanied 

with poorer performance and greater variability in both pretrial (Unsworth & Robison, 2015) 

and task-evoked pupil sizes (Unsworth & Robison, 2015, 2017b). They suggested that the 

greater variability in pupil sizes of individuals with lower WMC may indicate that their LC 

functioning is dysregulated (more variable, Figure 4) and accompanied with a weakly activated 

frontoparietal network, which is involved in attention control. This possibly results in more 

frequent mind-wandering and lapses of attention, compared to those with higher WMC. Such 

relationships between cognitive abilities and variability in TEP sizes were not investigated in 

Paper II and III. However, since it is relevant to the topic of the present thesis (i.e., individual 

differences in cognitively driven pupillary responses), I looked into it. Correlational analyses 

did not show a significant relationship between WMC scores and CoV of TEP sizes in MOT 

(r= -.11, p = .35), or CoV of cue-evoked TEP sizes in Posner (r= -.17, p = .17). But WMC 

correlated negatively with CoV of target-evoked pupil sizes in Posner (r= -.24, p = .05), 

indicating that trial to trial variations in TEP responses in low span individuals was larger. As 

reported in Paper III, we also found a positive relation between WMC and behavioral orienting 

scores in SOA1300 (r = .26, p < .05), indicating that when SOA was longer, the response time 

of low span individuals was longer in invalid compared to valid trials. Therefore, our results in 

Posner cueing task seem to be in part consistent with Unsworth and Robison’s variability 
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account (low span individuals had larger variation in TEP sizes and worse RT in invalid 

compared to valid trials in SOA1300). Here, however, we aimed mainly to examine whether 

the individual differences in mean TEP sizes are related to the level of general abilities or task 

performance (or both) and which account can explain the pattern of relationships when task 

demands increase.  

2 Method and materials  

 General setting  

The current Ph.D. project consists of three research papers, in which pupillometry was used to 

study different aspects of cognition. In the first project (Paper I) participants were recruited 

using social media and were mostly among students from the University of Oslo. General 

cognitive abilities in both projects were measured before pupillometry sessions. All participants 

had a the normal or corrected-to-normal vision. They all signed a consent form and received 

monetary compensation in form of gift cards. A general overview of the sample characteristics 

and measurements included in each study is presented in Table 1. The dataset that was used in 

paper II and III was part of a behavioral genetics project in which the general inclusion criteria 

were being healthy and ethnically Norwegian, aged between 18-70 years. These participants 

went through the excessive screening procedures. National statistical records were used to 

select these participants randomly and invite them by letter. Volunteers were later contacted by 

employees at the Oslo University Hospital to be screened for family and medical history 

including neuropsychological disorders, head injury, substance abuse, and severe psychological 

disorders in their family. Volunteers who did not report any of these (exclusion) criteria were 

invited to be first interviewed and then screened for severe mental disorders, using the Primary 

Care Evaluation of Mental Disorders interview (PRIME-MD: Spitzer et al., 1994). They were 

then tested with an extensive neuropsychological test battery, including the full-scale Wechsler 

Abbreviated Scale of Intelligence, WASI (Wechsler, 1999). Finally, participants were taken a 

blood sample for genotyping and then invited to the Department of psychology at the University 

of Oslo to perform four cognitive experiments with pupillometry (i.e., multiple object tracking 

task (MOT), AX- continuous performance task (AX-CPT),  Stroop switching task, and the 

Posner cueing task, all in one session). Only the results from the MOT and Posner tasks are 

reported here, respectively, in Paper II and III, in which the cognitive basis of inter-individual 
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differences in pretrial baseline and TEP sizes were investigated. In Paper II, however, we 

pooled these data (N=75) with a dataset (N=41) from another project with a similar 

experimental setup to increase the statistical Power. We also used the TEP sizes from four 

experiments to estimate a “general attentional resource component” and examine whether the size 

of this single general resource can predict behavioral performance across attentional tasks. The 

manuscript was not ready to submit but the results are presented in the discussion.  

 Samples and measurements  

Table 1. A general overview of the sample characteristics and measurements in each study. 

 Paper I Paper II Paper III 

N (females) 212 (139)  116 (51) 75 (27) 

Age mean (SD) 25.2 (4.28) 33.5 (7.8) 33 (8.4) 

Age range 18 - 40 18 - 52 18 - 52 

 

Tonic Pupillary Measurements 
 

 
Mean & CoV 

Resting-state baseline 

 
Mean & CoV  

Pretrial baseline 

 
Mean & CoV  

Pretrial baseline 

 
Phasic Pupillary Measurements 

 

- 

 
Mean TEP  sizes 

 
Mean TEP sizes 

 
 
General Cognitive Assessments 

 

WMC 

 
WMC 

gF 
IQ 

 
WMC 

gF 
IQ 

 
Cognitive Experiments 

 

- 

 
MOT 

 
Posner 

 
Note. SD = Standard Deviation, CoV = coefficient of variation, TEP = task-evoked pupil size, 
WMC = Working memory capacity, gF = g factor, MOT= Multiple Object Tracking task, mini  
 

 General Cognitive Assessments 

A more detailed description of general cognitive assessments exists in the method section of 

papers. To avoid repetition, they will be mentioned briefly here.  
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2.3.1 gF 

Principal component analysis (PCA) was used to compute g factor scores based on individuals’ 

scores from neuropsychological tests. Table 2 presents the tests that were included in the final 

PCA in each study. The Matrix Reasoning (MR) is a subtest of the WASI (Wechsler, 1999) that 

estimates the fluid and reasoning abilities. The raw data from MR was used in PCA. The Color-

Word Interference Test (CWIT; Delis et al., 2000) estimates the processing speed and inhibition 

ability. Total composite scores for CWIT were estimated using a separate PCA on RT scores. 

The Hopkins Verbal Learning Test (HVLT; Brandt, 1991) measures the ability of verbal 

learning and memory with similar reliability as other verbal memory tests like the California 

Verbal Learning Test (CVLT; Rasmusson, Bylsma, & Brandt, 1995). Three learning and recall 

trials of the HVLT task were aggregated to compute a sum score. But total composite CVLT 

scores were computed using a PCA with scores from learning, immediate and long delay parts. 

The “Posner cueing Task” (Posner, 1980) measures individuals’ ability to shift their 

visuospatial attention covertly (McDonald, Bennett, Chambers, & Castiello, 1999). The median 

total response times (RT) were computed for each participant. We then created Z scores of total 

RTs in Posner task and inverted both RTs in Posner and CWIT task to make these scores 

comparable with scores from the other two tasks so that higher score indicates better function. 

Finally, we ran another PCA on relevant measurements and scores on the first un-rotated 

principal component were used as an estimate of the gF scores. 

 

Table 2. An overview of tests used in each study to measure the g factor scores. 

Paper II Paper III 

Study 1 Study 2 

MR MR MR 

CWIT CWIT CWIT 

HVLT CVLT HVLT 

Posner Posner - 

 

Note. MR = Matrix Reasoning. CWIT = Color-Word Interference Test. HVLT = Hopkins 
Verbal Learning Test. CVLT = California Verbal Learning Test. 
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2.3.1 Working memory capacity (WMC) 

Individuals' WMC scores were measured using “Letter-Number-Sequencing” task, which is a 

subtest from the Wechsler Adult Intelligent Scale-Third Edition (WAIS-III; Wechsler, 2003).  

2.3.1 IQ 

In the second project, individuals’ IQ scores were also measured using two subtests of the 

Wechsler Abbreviated Scale of Intelligence, WASI (Wechsler, 1999); i.e., Vocabulary and 

Matrix Reasoning. However, we decided to estimate the g factors as an index for general 

cognitive abilities. The pattern of results presented in Paper II and III did not change when 

analyses were repeated with IQ scores. 

 Computerized Attentional Experiments with Pupillometry  

Four computerized cognitive tasks were used in the present thesis to measure the task 

performance (task- and state-related cognitive functioning) and pretrial baseline and TEP sizes. 

Since the more specific aspect of these tasks is already explained in the Papers, here, the more 

general aspects of them will be presented. 

2.4.1 Multiple Object Tracking task (MOT) 

MOT task has been used largely to study the ability and properties of sustained and divided 

(covert) attention under different cognitive loads. Subjects are asked to fixate their gaze at the 

center of the screen and simultaneously track several visual objects that are moving randomly 

around the screen for a certain period of time (Pylyshyn & Storm, 1988; Leonard & Pylyshyn, 

2003; Scholl, 2009, for a review see Luo et al., 2014). The MOT used in Paper II was created 

and run using MATLAB® (MathWorks, Natick, MA) and the Psychophysics Toolbox 

extensions (Brainard, 1997; Pelli, 1997; Alnæs et al., 2014). The accurate response to the task 

may require a continuous but covert and divided attention to all target objects while suppressing 

distracting objects. However, previous findings have shown that individuals have a limited 

MOT capacity that is influenced by different factors. A number of targets and distractors 

(Bettencourt & Somers, 2009); the speed with which the targets move around (Alvarez & 

Franconeri, 2007; Feria, 2013); the duration of tracking interval, the visual side that targets are 

presented in (Alvarez & Cavanagh, 2005) are of important factors that affect the performance. 

Playing videogames was also shown to increase MOT capacity (Green & Bavelier, 2006). 

Patients with attentional deficits have impaired performance in the MOT task (Kelemen et al., 
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2007; Koldewyn, Weigelt, & Kanwisher, 2013). Combined imaging and pupillometry studies 

have shown that increases in some aspect of task demands (i.e., cognitive load) are associated 

with increases in pupil dilations, and increased activation in the LC, superior colliculus and the 

right thalamus along with increased cortical activity in dorsal attention network (involved in 

top-down processing) and the visual perceptual system (Alnæs et al., 2014; Mäki-Marttunen et 

al., 2019). They also reported decreased activation in areas associated with the brain’s default 

network, such as the anterior cingulate cortex (ACC), the bilateral ventral medial prefrontal 

cortex (vmPFC), and orbitofrontal cortex (OFC).  

2.4.2 Posner Cueing task 

The Posner cueing task (Posner, 1980) is also one of the frequently used paradigms to study 

the ability, properties and neurophysiological basis of (alerting) and (re)orienting of attention 

by presenting non-spatial and spatial cues along with the top-down and bottom-up attentional 

networks and the interaction between them (e.g. Chica, Bartolomeo, & Lupiáñez, 2013; Chica 

et al., 2014; Fan et al., 2009; McDonald et al, 1999; Petersen & Posner, 2012; Posner, 2014). 

The main idea is that attending to a location, overtly or covertly, facilitates the processing of 

incoming information in a given location, which consequently decreases our response time 

(Posner, Snyder & Davidson, 1980, but also see Green & Woldorff, 2012 for a non-attentional 

explanation). The behavioral advantage in the valid, compared to invalid, trials is called the 

orienting effect. The behavioral advantage in cued trials (especially in neutral trials in which 

temporal signals are presented by using non-spatial cues) relative to no-cue trials, is called 

alerting effect. Several factors can influence these behavioral effects like the duration of and 

the time interval between cue and target presentation, the type of task, and the type of cue 

(endogenous or exogeneous). Here, using E-prime software (2.0.10.353), we developed a 

Posner cueing paradigm, in which the cue was presented centrally (endogeneous cueing) and 

there were four Trial Types (valid, invalid, neutral, no-cue). We manipulated both cue’s validity 

(180 out of a total 300 trials (60%) were valid) and Stimulus Onset Asynchrony (SOA, having 

800ms and 1300ms SOAs with equal frequency). The task was to identify the target and press 

the correct key response as fast as possible. Surprisingly, there are very few published 

pupilometry studies with the Posner cueing task. The only study with endogenous cueing 

(Dragone et al., 2018) that we found showed an effect of orienting on pupil responses only 

when the centrally presented cues were highly predictive (80%). 
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 Equipment 

All projects have been approved by the Regional Committees and were conducted in 

accordance with the Helsinki declaration. All pupillometry experiments were run in the same, 

soundproof and windowless cognitive labs, with constant environmental luminance, and they 

all began with calibration and validation procedures. Binocular Remote Eye Tracking Devices 

(R.E.D.; SMI-SensoMotoric Instruments, Teltow, Germany) were used in all studies to record 

the pupil sizes. The R.E.D. can operate at a distance of 0.5-1.5 m with a spatial resolution of 

about 0.1 degree and measures pupil sizes in millimeter. The recording sample rate was 60 Hz 

(i.e. every 16.7ms). Participants sat in front of a 47 x 29.4 cm color, flat LED monitor with a 

resolution of 1920 x 1080 pixels and 60 Hz refresh rate. Head movements were stabilized using 

a chin-rest that also kept the eye-to-monitor distance constant at 57 cm. As mentioned, in the 

Paper II, we pooled data from two studies. Pupillary diameters in the other study were recorded 

in pixels using a SMI monocular eye-tracker. The sample rate was 240 Hz and the eye-to-

monitor distance was 90 cm.  

 Data analysis 

A detailed describtion of data processing exists in each Paper. All pre-processing of pupillary 

data was done using R (R Core Team, 2018). Analysis scripts are available from 

https://github.com/thohag/pupilParse. Since the scale of pupillary measurements differed in 

study 1 (mm) and study 2 (pixel), the baseline corrected task-evoked pupillary responses in 

Paper II were calculated using the divisive correction method because using the percentage 

changes make the measurements from two studies comparable. Otherwise, the subtractive 

method was used to compute the baseline corrected task-evoked pupillary responses as it is 

recommended (Mathôt et al., 2018). Task performance in MOT was measured as the mean 

accuracy scores expressed as the percentage of correct responses (number of correctly reported 

targets/ number of targets × 100). In Posner, however, task performance were measured by 

computing both mean accuracy (The percentage of correct responses) and the median response 

time (RT) after excluding the trials with incorrect responses and RTs faster than 250ms. The 

standard SPSS version 25 (IBM SPSS Statistics for Windows and Macintosh, Version 25.0. 

Armonk, NY: IBM Corp) was used to analyze the data. We also used JASP (v.0.9) software 

(https://jasp-stats.org/) to obtain a precise likelihood estimate of the ’conclusiveness’ of 

findings with the Bayesian analyses. Hypotheses were examined using correlation, linear 
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regression, mixed design ANOVA and ANCOVA analyses along with t-tests for post-hoc 

analyses. One important assumption when using ANOVA is the homogeneity of variances 

between groups, which refers to the equal variance in the groups that will be compared (Allen, 

2017). However, potential consequences of this assumption violation depends on whether or 

not the sample sizes of the compared groups are equal (Field, 2009). When the sample size of 

groups is equal, the test is known to be robust. Since the group sizes were equal in our studies, 

we did not consider further corrections when the homogeneity was violated. However, when 

the sphericity assumption was violated (i..e, when the variances of the differences between 

levels of the repeated measures factor was not equal; Singh, Rana, & Singhal, 2013), and there 

were more than 2 levels of the independent variable, Greenhouse–Geisser correction was used 

to correct the degrees of freedom (Field, 2009). Because otherwise the F-statistic will be biased 

and the risk of type 1 error (false positive rate) will increase (Singh et al., 2013).  

3 Methodological considerations 

Several methodological considerations might have played a role in the findings presented in the 

present work. Some of these issues regarding the sample charecteristics, reliability of 

measurments and the validity of scales are already mentioned in the papers. Here, some general 

aspects that are more and less shared between studies will be presented.  

 Participants and ethical consideration 

The research studies were conducted in agreement with the declaration of Helsinki (World 

Medical Association, 2013). Since two studies of the present work was a part of a genetic 

project, the sensitivity of the data was high. Therfore, to protect participants’ privacy, the data 

was de-identified, that is, any data that could be traced were removed from the experimental 

data files and stored in a separate place. Moreover, the participants were well informed of their 

rights, how their data will be used and that they could withdraw from the study at any time 

without suffering any consequences. The representativeness of participants and the sample size 

are of important factors for the reliability and generalizability of research findings. The required 

sample size was estimated by running Power analysis in each study and our samples were well 

over the needed statistical power in all three studies. Having large enough sample size is 

important since we were interested in individual differences and dividing a sample into two 

groups based on median value decreases statistical power (MacCallum, Zhang, Preacher, & 
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Rucker, 2002). Therefore, in the second study, we pooled data from two studies to increase the 

Power. Neverthelese, to control the potential drawback of using dichomatized variables, in 

addition to increasing the sample size and recruiting more participants than what was required 

based on Power analyses, we repeated analyses using ANCOVAs with measurments of 

cognitive abilities and task performance as covariate (instead of as between-subject factor). We 

also examined the relations of core interest by regression analyses, and the conclusions driven 

from results did not change as also reported in the papers. Moreover, we reported the full 

descriptives of measurments, i.e., the range, skewness and kurtosis values of measurements to 

check if they were within the acceptable range for the normal distribution (George & Mallery, 

2010) and if there exists adequate variance in dataset (which is comparable with other studies), 

and found satisfactory results. Finally, we also examined the data with Bayesian analyses to 

obtain a precise likelihood estimate of the ’conclusiveness’ of findings, which could especially 

be beneficial for evaluating the evidence for null hypothesis. These considerations were indeed 

more important in the third study since we had less participants (N=75). 

 

Individuals in the sample that was used in Paper II and III went through an extensive screening 

procedure to ensure their current and historical state of mental health and cognitive functioning 

and particiapnts were all ethnic Norwegians. These considerations can be important for 

protecting the internal validity because they confine potential confounding variables that can 

influence the between-group comparisons like medical, cultural or racial influecnes on 

psychophysiological responses. Moreover, the age range of sample (18-52) was larger than 

what is usually reported in this reasrech area in which usually only students are recruited. These 

aspects of our sample were positive for the relibality and generalizability of our results to the 

healthy population. However, extensive screening procedures has also its cons because using 

too many exclusion factors can also affect internal and external validity of the findings to the 

real world negatively (Jimenes-Buedo & Miller, 2010). It might also be disadvantageous that 

results in both studies are obtained from the same group of individuals whose general cognitive 

abilities were measured by the same neuropsychological sclaes. Moreover, since large sample 

sizes are recommended for the individual difference studies, the current findings need to be 

replicated in larger samples including also other ethnicities. It is, however, noteworthy that we 

have recently replicated our results in Paper I and II in another larger sample (N=122) in which 

the general cognitive ability was measured by another scale. Moreover, although our present 
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approach; i.e., investigating the effect of both level of task performenace and general abilities, 

was novel, bu other studies also found similar findings as ours.  

 Materials 

3.2.1 General cognitive ability 

At least two methodological concerns can be considered in studies of general cognitive abilities. 

The first one is about questioning the concept of intelligence in the first place. In fact, the nature 

of intelligence (e.g. whether it is related to the genetic factors and brain structure), the reasons 

behind the well-known correlations among cognitive tests, and whether there is one or multiple 

cognitive abilities (intelligence), and even the definition presence of g has always been a hot 

topic of debates (Deary, Penke, & Johnson, 2010). For example, it is proposed that rather than 

a cognitive trait with relatively fixed quantity, intelligence tests just measure various human 

behaviors that have a function in the contexts in which they are observed (Schlinger, 2003). 

These controversies are important to beware of when interpreting the present and other studies’ 

results although there is a general consensus that there exists a general factor that permeates all 

aspects of cognition and can predict individual differences in practical quality of life most 

effectively (Deary et al., 2010; Gottfredson, 1998). 

 

 The second issue is about the method (scales and the statistical extraction) that is used to 

measure intelligence or working memory capacity. Generally speaking, it is supposed that the 

estimates will be better if the more number of tests included in the measurements. However, 

findings have shown that “results are similar whichever measure is used” (Deary et al., 2010). 

 As also discussed thoroughly in the papers, it is doubtful that the present null findings for  

relationship between average pupil size and general cognitive abilities and the existent 

discrepancies in the literature can be explained by differences in the measured ‘construct’ 

between studies. In fact, it is argued that cognitive tasks are different from general cognitive 

ability because, in addition to general abilities that are also applied in other tasks, they rely on 

specific abilities (Deary et al., 2010). Our pupillary findings suggest that individual differences 

in pupillary measurements seem to be related to variation in these task-specific abilities that are 

not shared. However, WMC, fluid intelligence and g factor are not identical constructs (Choi 

et al., 2008). Therefore, it is still possible that the relationship between baseline and task-evoked 
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pupil size and general cognitive abilities is complex and possibly sensitive to the characteristics 

of the tests.  

3.2.2 Computerized cognitive experiments 

Both MOT and Posner cueing task are well-established experiments with solid findings in the 

literature. This is important for the validity of conclusions that are drawn from our findings 

regarding the underlying cognitive and neural processes that are involved in these tasks. For 

example, the involvement of the dorsal attention system in a load-dependent manner in MOT 

is well-studied (e.g., Alnæs et al., 2014; Jovicich et al., 2001). In fact, the MOT is an optimal 

paradigm to manipulate the amount of mental work load (level of task demands) parametrically 

while keeping all other parameters constant to study the effect of individuals’ ability in splitting 

their attention among dynamically moving objects and in sustained task-engagement on 

pupillary responses. Posner endogenous cueing paradigm, on the other hand, requires attending 

either to a single location (in spatially cued trials) or to a specific limited number of locations 

within which the target can be presented (in neutral and nocue trials). It is a proper task to study 

the effect of individuals’ differing abilities in conflict resolution and reorienting of attention. 

Moreover, in contrast to MOT task, Posners performance does demand speeded motor 

responses. However, in spite of these differences between Posner and MOT paradigms, it is 

important to mind that both tasks involve also many shared processes including similar 

components of visuospatial attention and similar sensory inputs and motoric outputs. That is, 

although these tasks do not have completely distinct natures, still, our findings indicated a task- 

and state-specific account of individual differences in the behavioral and physiological 

responses. However, these findings should be replicated in other studies in which more distinct 

tasks are used. Moreover, it is important to mention that correlational investigations with robust 

cognitive paradigms can be problematic for the reliability of individual difference findings. 

Because these tasks were originally developed for experimental research and their primary goal 

is to minimize the between individual differences in favor of increasing the within-subject 

effects (Hedge, Powell, & Summer, 2018). This means that individual difference findings may 

not necessarily translate to the underlying neurophysiological mechanisms in the brain. This is 

especially concerning for the reliability of difference measurements (like alerting and orienting 

indices), and therefore, it is suggested to be cautious when generalizing the findings and to add 

the reliability scores into Power analyses (Hedge et al., 2018). We did not add the reliability 

scores to the Power analyses because we did not find these scores for the pupillary indices of 
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alerting and orienting indices. But our reliability scores driven from behavioral data were 

comparable with other studies (Hedge et al., 2018; Ishigami et al., 2016). 

 Recording pupil size 

One of the important confounding factors in pupillometry is the effect of luminance on pupillary 

responses. Therefore, matching the luminance of all stimuli is important for results to be valid, 

as we did in both experiments presented in this dissertation. In fact, it can be claimed that the 

load effects on pupillary cognitive responses in the MOT were not contaminated by the effect 

of luminance because the color of targets turns back to the blue before the tracking period starts; 

that is, the targets and distractors are perceptually identical. Moreover, the gaze direction can 

also influence the pupillary measurements (Pomplun & Sunkara, 2003; but also see Klingner, 

Kumar, & Hanrahan, 2008). Thus, it is important to ensure that pupillary findings from 

paradigms involving covert attention do not result from potential unintended eye movements. 

Presenting clear instructions and practice trials before starting the main experiment can be 

essential in these experiments. It is also possible to mark an area of interest (AOI) around the 

fixation point, which functions as a trigger to start a trial only when participants stare and keep 

fixating their eyes on the middle of the screen through the whole trial. The trial can be 

terminated automatically each time the participant moves his eyes from the determined AOI 

along with sending feedback. Alternatively, the amount of gaze deviation across experimental 

manipulations can be statistically examined or controlled to ensure the validity and reliability 

of findings. This latter approach was used in the present thesis and results did not show a 

significant difference in the amount of gaze deviation among Load conditions or Trial Types in 

the MOT and Posner’s task, respectively. In addition to these considerations, we followed other 

recommendations like using the chin rest and not rolling chairs, having an adequate number of 

trials and participants, and performing a four-step data preprocessing procedure to increase the 

quality of data (Winn et al., 2018), 
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4 SUMMARY OF PAPERS 

 Paper I 

Background. Compared to within individual pupillary changes, few studies have investigated 

the between inter-individual differences in pupil diameter and its relationship with cognitive 

abilities. While some have reported a positive relationship between estimates of individuals’ 

working memory capacity (WMC) with resting-state baseline pupil size, others did not find 

such a relationship. WM is a hypothetical cognitive system” involved in maintaining, 

manipulating and retrieving task-relevant information. Resting-state baseline pupil size refers 

to dynamic non-luminance-mediated changes in pupil diameter when individuals are not 

engaged with any specific task. These pupillary fluctuations have frequently been shown to be 

a reliable index for the level of arousal and activity in the brain's arousal centers.  

 

Methods. We measured pupil size continuously in 212 participants during rest (i.e. while 

fixating) and estimated WMC in all participants by administering the Letter-Number 

Sequencing (LNS) task from WAIS-III. 

 

Results. The average pupil sizes were not related to WMC. However, the novel finding was 

that higher WMC was associated with higher variability in resting-state pupil size. We also 

found a negative relationship between the size of pupil diameter and age. 

 

Discussion and Conclusions. Our result is consistent with results from other psycho-

physiological measurements of the autonomic nervous system such as heart rate variability 

which was also found to be positively linked to higher WMC and better cognitive control. In 

the absence of any active task to do, higher variability in the resting-state baseline pupil size of 

high WMC individuals may refer to higher variability in tonic LC activity to optimize 

environmental exploration and reward harvesting through a continuously changing pattern of 

reward sampling. However, it may also indicate that high span individuals in the present study 

show a higher level of arousal regulation compared to low span individuals. This higher arousal 

regulation could be related to differing neural activity in executive network to keep the gaze on 

the fixation point or to differing motivational and personality traits. It is also noteworthy that 

the variation in WMC could explain a very small fraction of variations in resting-state baselines. 
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 Paper II 

Background. Similar to resting-state pupil size, the cognitive correlates of between-individual 

differences in the pretrial baseline and task-evoked pupil (TEP) sizes are studied seldom and 

results are inconsistent. We investigated the relationship between pupillary measurements, 

aging and individuals’ level of cognitive functioning, in general, and in a given attentional task 

known as multiple object tracking (MOT). MOT has been frequently used to study the 

mechanisms of covert, divided and sustained visuospatial attention.  

 

Methods. Using pooled data from two separate studies, we measured the average and the 

variation of pretrial baselines in 116 healthy individuals. The mean phasic pupil changes and 

task performance (accuracy) were also measured while participants performed an MOT task, in 

which the level of task demands was manipulated by increasing the number of targets (number 

of to be tracked objects) from 2 to 5. We also estimated individuals’ WMC and g factor, using, 

respectively, LNS test and principal component analysis based on participants’ scores on four 

cognitive tests; Matrix Reasoning that estimates the fluid and reasoning abilities, Color-Word 

Interference Test that estimates the processing speed and inhibition ability, the Posner cueing 

task that estimates visuospatial attentional abilities, and the Hopkins Verbal Learning Test that 

measures the ability of verbal learning and memory. 

 

Results. We found the main effect of load and age on both behavioral and pupillary responses. 

Results did not reveal an effect of general cognitive abilities (i.e., WMC and gF) on task 

performance or mean baseline and TEP sizes, but the high span individuals had less variation 

in the pretrial measurements. In contrast, we found a positive relationship between mean pretrial 

baselines and overall MOT performance. We also found an interaction in TEP sizes between 

the level of MOT performance and task demands. That is, high MOT performers showed larger 

TEP sizes only in highly demanding situations (i.e., tracking 5 targets).  

 

Discussion and Conclusions. Behavioral and pupillary responses showed that the high performers 

outperformed the low performers in all workloads basically by investing their resources more efficiently 

(i.e., no significant difference in TEP sizes). However, when the task became highly demanding, high 

performers had more resources to allocate.  In other words, it seems that individual differences in TEP 

sizes are driven by task- and state-specific factors rather than general cognitive traits.  
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 Paper III 

Background.  The aim of the third study was also to investigate the cognitive basis of between-

individual differences in pretrial and task-evoked pupil sizes, but in Posner cueing task, which 

similar to MOT involves covert visuospatial attention, but also engages the bottom-up 

attentional processes along with the alerting and (re)orienting networks. While some previous 

studies have shown evidence for the involvement of separate neuromodulatory systems in 

alerting and orienting, others have proposed that both mechanisms are modulated by 

noradrenergic signals. Surprisingly, we found only one pupillometry study in which Posner 

endogenous cueing task was used, and they found the orienting effect on TEP responses only 

when cues were not predictive. We examined whether individuals’ differing level of cognitive 

functioning, in general, and/or in Posner cueing task, mediate the involvement of underlying 

neural mechanisms reflected in  differences in individuals’ phasic pupillary responses.  

 

Methods. The average and the variation of pretrial baselines were measured in 75 healthy 

individuals along with the mean phasic pupil changes while they were performing a Posner’s 

endogenous cueing paradigm in which there were four trail types (with valid, invalid, neutral 

and no cues) and two SOA conditions (800 & 1300ms). 80% of Spatial trilas were valid. We 

also estimated individuals’ WMC and g factor, using the same procedure as in the second study. 

 

Results. Both behavioral and pupillary responses revealed the alerting effect. Also, both 

behavioral and pupillary responses indicated that cued attention is affected by age. Behavioral 

responses also revealed the orienting effect. However, we found no TEP differences between 

valid, invalid and neutral conditions, suggesting that covert (re)orientation did not affect TEP 

responses. Moreover, both behavioral and pupillary estimates of alertness and orienting were 

uncorrelated. Finally, individual differences in general cognitive abilities did not appear to be 

related to the mean or CoV of pretrial baselines (see Table 1 in Supplementary materials of the 

present thesis). Neither were they related to TEP sizes induced by orienting and alerting 

mechanisms. By contrast, we found a negative relationship between overall task performance 

and TEP sizes in more demanding states; i.e., high performers had larger TEP sizes in invalid 

relative valid trials and when SOA was longer. 
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Conclusions. The pattern of results was generally consistent with the dual mechanism account  

of attention, which proposes that two separate noradrenergic and cholinergic mechanisms 

modulate, respectively, the alerting and orienting effects. However, individual differences in 

TEP sizes were influenced by the state- and task-related cognitive factors. In fact, high Posner 

performers (but not those with high general abilities) outperformed the low performers in all 

conditions, without investing more resources except when the task became demanding. 
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Table 3. Summary of hypotheses and results in each study 

Study Hypotheses Results 

Study 1 

N = 212 

There is a relation between Mean and/or CoV of resting-state 

tonic pupil size & WMC 

Confirmed 

only with CoV 

r = .22 

Study 2 

N = 116 

H1: There is a relationship between Mean and/or CoV  

        of pretrial baseline pupil size and gF & WMC 

Confirmed 

only between WMC & CoV 

r = - .24 

H2: There is a relationship between Mean and/or CoV of pretrial  

           baseline pupil size and MOT performance (overall ACC) 

Confirmed 

only between ACC & M  

r =  .30 

H3: There is a relationship between and/or CoV of TEP sizes and   

        gF and/or WMC, alone or in interaction with load level Not confirmed 

H4: There is a relationship between Mean TEP sizes and MOT  

        performance, alone or in interaction with load level 

Confirmed  

only in interaction 

ηp2 = .15 

Study 3 
 

N = 75 

H1: There is a relationship between Mean and/or CoV of pretrial  

        baseline pupil size and gF and/or WMC Not confirmed 

H2: There is a relationship between Mean and/or CoV of pretrial 

       baseline pupil size and Posner performance (total RT) Not confirmed 

H3: There is a relationship between Mean and/or CoV of TEP  

        sizes and gF and/or WMC 

Confirmed 

only between WMC & CoV  

r = -.24 

H4: There is a relationship between Mean TEP sizes and Posner  

       performance, alone or in interaction  

Confirmed 

only in interaction with SOA  

.06 = 2pη 

H5: There is a relationship between pupillary indices of alerting  

            and orienting and gF, WMC, Posner performance 

Confirmed 

Only between total RT and 

orienting estimates, r = -.27 
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5 Discussion  

“The greatest obstacle to discovery is not ignorance—it is the illusion of knowledge.”  

Daniel J. Boorstin, 1984 

 General findings 

The aim of the present thesis was to investigate the relationship between individual differences 

in tonic and phasic pupillary behavior and level of cognitive functioning in general and in 

certain attentional tasks and states. We also examined the aging effects. For the tonic pupil size, 

we measured both the mean and coefficient of variation of resting-state (Paper I) and pretrial 

baseline pupil sizes (Paper II & III). The phasic pupil sizes were measured by averaging the 

baseline-corrected pupillary changes evoked by specific events in attentional tasks in which the 

level of required mental effort was manipulated either by increasing workload (Paper II) or by 

manipulating the validity of cue and how long the cue information needed to be held in WM 

(Paper III). The task performance was used as an index for the current level of cognitive 

functioning in the current task. The general cognitive functioning was estimated by measuring 

individuals’ working memory capacity, and/ or general intelligence (g factor). In general, the 

relationship between the mean and CoV of tonic pupil sizes and the cognitive measurements 

differed from study to study. By contrast, the relationship between tonic pupil sizes and age 

were stable, indicating that older individuals had both smaller baseline mean pupil size and 

smaller variability. However, we repeatedly (i.e., also in the tasks that are not reported here) 

found that individual differences in phasic pupil responses were related to the level of task 

demands and level of task performance, not to general cognitive traits. This suggests that these 

differences are driven by task- and state-specific factors. Results also showed aging effect on 

phasic pupil responses, indicating that TEP sizes of older particpants were smaller. In fact, some 

of the experimental effects disappeared after controlling for the effect of age. 

 Individual differences in the variation of, but not the mean, resting-

state tonic pupil size were positively related to WMC 

The present results did not show any relationship between mean resting-state pupil sizes and 

WMC. In fact, results from Bayesian analyses showed that these results were about 6.25 times 

more likely under the null hypothesis (H0) than under H1. This is consistent with previous 
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findings (Boersma et al., 1970; Simpson & Molloy, 1971) and with results from a recent study 

(Unsworth et al., 2019), in which the average resting-state baseline diameters were not related 

to cognitive or personality traits. It is also in accord with results from our another recent study 

(N=122; females= 81; age range = 17-37; the manuscript is in preparation stage), in which the 

general cognitive trait was measured using Hagen Matrices Test (HMT, Heydasch, Haubrich, 

& Renner, 2013) and results did not show a relationship between fluid intelligence scores and 

mean resting-state baseline sizes (Supplementary Table 3). Some previous studies, however, 

found that high WMC individuals and those with higher fluid intelligence had larger resting-

state pupil sizes compared to those with a lower levels of general abilities (Heitz et al., 2008; 

Tsukahara et al., 2016). These positive relations were proposed to be related either to a generally 

higher level of arousal in the high WMC individuals (Heitz et al., 2008) or to the 

neuromodulatory effect of differing tonic activity in the LC (Tsukahara et al., 2016). Both 

accounts suggest that these biological differences in individuals with high general abilities may 

enable them to respond to the relevant situational events more quickly. However, individuals 

with high general abilities did not have larger TEP sizes or faster response times in the present 

attentional tasks either. High WMC span individuals had only faster RT in invalid compared to 

valid trials when SOA was long (1300ms) without having a larger pretrial baseline or TEP sizes. 

We did not have the resting-state measurments of participants, but pre-task correlates very 

highly with pretrial baselines. The reason behind this discrepancy in the findings is not clear. 

As also discussed thoroughly in Paper I, it can be related to the methodological factors such as 

differences in the experimental setup, measuring scales and, sample characteristics like the age 

range. In fact, Unsworth and colleagues (2019) re-examined Tsukahara et al.’s results while 

controlling for the age effect and found a much weaker relationship between WMC and mean 

resting-state pupil diameters. Personality traits can also mediate the relation between cognitive 

abilities and tonic pupil sizes, leading to a discrepancy in results (Anderson, Colombo, & 

Unruh, 2013; Liakos & Crisp, 1971; Simpson & Molloy, 1971; Stelmack & Mendelzys, 1975; 

Yechiam & Telpaz, 2011; but also see Unsworth et al., 2019). For example, a recent study 

(Karpinski et al., 2018) found that high intelligence is a risk factor for psychological and 

physiological over-excitabilities, accompanied with a higher level of psychological disorders 

like anxiety and hyperactive sympathetic nervous system among highly intelligent individuals. 

 

In contrast to the average sizes, the resting-state fluctuations correlated with WM scores, and 

controlling for the age effect did not change the positive relation between WMC and CoV of 



 

65 

resting-state pupil diameters. Since it was the first time that these relations were investigated, 

any interpretation should be taken with caution. In fact, Unsworth and colleagues (2019) also 

examined the relationship between WMC and CoV of resting-state pupil sizes but did not 

replicate our findings. Also, in our recent study, we did not find a relationship between the CoV 

of resting-state baselines with fluid intelligence, but we found a positive correlation between 

larger CoV and scores on the Interest/Enjoy subtest of Intrinsic Motivation Inventory, 

indicating that highly motivated individuals showed larger variation in resting-state tonic pupil 

sizes (Supplementary Table 3). However, our result is in accordance with results from other 

psychophysiological measurements such as heart rate variability (HRV) (Laborde et al., 2015), 

which similar to pupillary fluctuations, is under the influence of the parasympathetic nervous 

system and positively linked to WMC and cognitive control (Hansen et al., 2009; Gillie and 

Thayer, 2014). Moreover, some imaging studies have also reported a link between the dilation 

(not average pupil size) and the variation of baseline pupil sizes and activity in the LC and 

cortical brain areas. That is, there was a positive relation between spontaneous fluctuations in 

pupil diameter and BOLD fluctuations in default mode areas (Yellin, Berkovich-Ohana, & 

Malach, 2015) and activity in cingulo-opercular regions (Breeden et al., 2017). Others have 

found a positive relationship between pupil resting-state dilations and activity in the frontal-

parietal (executive) and the salience networks (Schneider et al., 2016) and in cingulo-opercular 

regions (Kuchinsky, Pandža, & Haarmann, 2016). Due to the link between the executive 

network and working memory (Bressler and Menon, 2010; Curtis and D'Esposito, 2003), 

between changes in pupil size and the activity in the LC-NE system, and between resting-state 

pupillary fluctuations and WMC and mind wandering (Rummel & Boywitt, 2014; Unsworth et 

al., 2019; Yellin et al., 2015), higher variability in resting-state pupil size may indicate that high 

WMC individuals in the present study show a higher level of arousal regulation, rather than a 

general higher level of arousal, compared to low WMC individuals. This arousal regulation 

may be related to trying to remain alert while keeping their gaze on the fixation. Nevertheless, 

consistent with the arousal theory of motivation (Hebb, 1955; Yerkes and Dodson, 1908), this 

higher arousal regulation could also be related to differing motivational traits, like a higher level 

of intrinsic motivation, as also found in our recent study. In fact, in the absence of any active 

task to do, higher variability in the resting-state pupil size of high WMC individuals may 

provide a better index of variability in tonic LC activity as an individual trait towards high 

environmental exploration (Jepma & Nieuwenhuis, 2011). Behavioral flexibility has indeed 

been argued to be the main function of the LC-NE system in several accounts (Aston-Jones and 
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Cohen, 2005; Bouret and Sara, 2005; Devauges and Sara, 1990; Guedj et al., 2016). Thus, 

fluctuations in NE activity could be associated with changes in random exploration and an 

increased likelihood of randomly stumbling into novel rewarding options. 

 Relationship between individual differences in pretrial tonic pupil 

measurments and cognitive abilities was task/state-dependent. 

None of the indices of general cognitive abilities (neither WMC nor g factor) were related to 

the mean pretrial baselines in any of the tasks. This is not consistent with findings from some 

other studies (Heitz et al., 2008; Peavler & Nellis, 1976; Tsukahara et al., 2016; van der Meer 

et al., 2010) that reported a positive relationship between mean baselines and independent 

indices of general cognitive abilities like intelligence and WMC. But it is in accordance with 

findings from Boersma et al. (1970) and Unsworth & Robison (2017b, 2019), and with our 

findings from measuring mean resting-state baseline pupil size of 212 participants (Paper I). It 

is also consistent with our finding (Supplementary Table 3) in our recent study (N=122), in 

which the MOT task was used. In fact, in the Posner’s cueing task, we did not find any 

relationship between mean or CoV of pretrial baselines and measurements of general cognitive 

abilities or task performance (Supplementary Table 1). In MOT, however, the high span 

individuals had less variation (CoV) in the pretrial measurements whereas high MOT 

performers had larger mean pretrial baselines. According to Unsworth and Robison (2017a), 

the greater CoV in low span individuals, compared to those with higher WMC, may indicate 

that their LC tonic activity is more variable, which possibly increases the task-off thinking and 

lapses of attention. However, these interpretations should be taken with caution because this 

negative relation between WMC and CoV of pretrial baselines did not influence the MOT 

performance and because when the effect of age and study were partialled out, the relation was 

not significant. The larger pretrial baselines in high MOT performers can refer to a higher level 

of task engagement (Aston-Jones & Cohen, 2005; Gilzenrat et al., 2010; Murphy et al., 2011) 

and arousal (Beatty & Lucero-Wagoner, 2000; Sara, 2009). It is noteworthy, however, that 

results from our recent study did not replicate any of these pretrial pupil findings in the MOT 

task (Supplementary Table 3).  

 

As mentioned, it is not clear what the reason for this inconsistency in the relationship between 

measurments of tonic pupil size and cognitive abilities from a study to another study or from a 

task to another task is. The reason can be, in part, related to the methodological differences. For 
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example, in MOT, after controlling for the effect of age and study, the positive correlation 

between mean pretrial baselines and MOT performance depended on how the pretrial baselines 

were measured. When the average baselines were extracted from the tracking trials, in contrast 

to in passive trials, the correlation with overall MOT performance was not significant after 

partialling out the age effect. To our knowledge, the relationship between the level of general 

vs. task abilities and individual differences in pretrial baseline pupil size in the MOT and Posner 

cueing task is not examined in any other published study. Therefore, further research with these 

and other tasks is necessary to investigate whether and when (in which states) cognitive traits 

(general cognitive traits or cognitive traits in specific tasks) drives individual differences in the 

average size, or in the variation of pretrial baselines. In the current state of knowledge, it seems 

that individual differences in tonic pupil sizes are driven by some age- and state-specific factors 

(e.g. fatigue, motivation, interest, stress) that influence on the overall level of task engagement 

and arousal. In fact, the negative relationship between age and tonic pupil sizes was the only 

robust finding. The time effect (i.e., decrease in pupil size with time) was also found in both 

tasks and in other studies with MOT and Posner tasks (Alnæs et al., 2014; Dragone et al., 2018). 

 Relationship between individual differences in mean task-evoked pupil 

(TEP) sizes and cognitive abilities was task- and state-dependent. 

Similar to results from mean pretrial baselines, indices of general cognitive abilities (i.e., WMC 

and gF) were not related to mean TEP sizes; neither in MOT nor in Posner task. By contrast, in 

both experiemnts, we found a relationship between overall task performance and individual 

differences in TEP sizes especially in more demanding states. That is, high MOT performers 

(those with higher overall accuracy) showed larger TEP sizes than low performers only at load 

5, i.e., when the task was highly demanding and more mental effort (resources or cognitive 

control) was probably required to track several targets successfully. Also, high Posner 

performers (those who responded correctly but faster across all conditions), compared to low 

performers, had larger target evoked pupil sizes when SOA was longer (1300ms) and greater 

mental effort, resources or cognitive control may be required to keep information ‘online’ in 

working memory for extended periods of time. High Posner performers had also larger TEP 

sizes than low performers in no-cue trials (see Supplementary Figure 1 of present thesis), which 

may indicate a higher level of task engagement and alertness also in the absence of any signal. 

Finally, those with better overall performance showed also larger pupillary orienting response 
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(larger TEP responses in invalid relative to valid trials or validity sensitivity), which was also 

accompanied with a smaller orienting effect on behavioral responses.  

 

In fact, the relationship between the level of task demands, mental effort, and TEP responses is 

well-established (Kahneman, 1973; van der & van Steenbergen, 2018). What is interesting here 

is that rather than general cognitive traits like intelligence, it seems that individual differences 

in the required amount of mental effort (and consequently in TEP sizes) is related to the level 

of cognitive functioning in the current task and/or state. However, these results should be taken 

with caution and need to be replicated. To our knowledge, the relationship between individual 

differences in TEP responses in MOT or Posner cueing task and indices of general vs. task 

abilities is not examined in any other published study. Our general findings regarding the 

manipulation effects on pupillary responses are consistent with some previous studies with 

MOT and Posner endogenous cueing paradigms (e.g., Alnæs et al., 2014; Dragone et al., 2018). 

This indicates that TEP sizes were as expected to be in these paradigms measured in healthy 

individuals. Moreover, the relationship between the level of MOT performance and TEP 

responses is consistent with findings in another study from our lab (Mäki-Marttunen et al., 

2020), in which in addition to the level of load, the number of target-distracting close encounters 

was also manipulated. Individual difference analysis showed an increase in both LC activity 

and pupil dilation with load in both levels of close encounters, but only in high MOT 

performers. These findings again suggest that individual differences in TEP responses are 

related to individual differences in the level of MOT capacity and task-related neural responses 

(e.g. increased LC activity) when the task becomes highly demanding in the level of load, but 

not in the level of close encounters (referring to the distinctive effect of specific states or task 

characteristics on individual differences in the effort-related TEP sizes). It is also noteworthy 

that the present findings on individual differences in TEP sizes in MOT were replicated in our 

recent study with another sample (N=122). The preliminary data analyses did not reveal any 

significant relationship between average TEP sizes and general cognitive or personality traits 

(results are presented in Supplementary Table 3 of the present thesis). By contrast, similar to 

the present findings, high performers outperformed low performers in all workload conditions, but 

only in highly demanding conditions (tracking 5 targets), they had larger TEP sizes than low performers.  

 

Further research is required, though, to investigate whether a high level of task performance 

refers to a task-specific cognitive trait (like high MOT ability) in high performers or it is just 
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an indication of a state-specific level of functioning and task engagement. In fact, the relation 

between the current level of task engagement, task performance, and pupil size is also well-

documented (Aston-Jones & Cohen, 2005). Here, state-specific motivational and arousal-

related factors (e.g. fatigue, stress, interest, etc.) can be very important for individual differences 

in task engagement. In fact, in our recent study, we found a relationship between MOT 

performance and Perceived Competence subtest of Intrinsic Motivation Inventory (IMI), which 

in turn was positively correlated with scores on Need for Cognition and Interest/ Enjoyment 

subtest of IMI. But none of these motivational measurements were directly related to TEP sizes 

(see Supplementary Table 3). Thus, probably both task- and state-specific level of functioning 

and engagement are relevant for individual differences in TEP sizes. The present studies cannot 

answer this question, but evidence from another MOT study (Alnæs et al., 2014) revealed a 

very high correlation between pupillary and behavioral measurements even after several years, 

which suggests a stable level of cognitive functioning in MOT performance. In other words, 

having higher cognitive functioning is not enough if a person is not willing to be engaged with 

the task and invest an adequate amount of resources, and perhaps vice versa, high level of 

engagement and effort will not be sufficient for successful performance and increases in TEP 

dilations if the person does not have high task-related ability and enough resources available to 

allocate, especially when the task becomes very demanding.  

 

This task- and state-specific account does not rule out any relationship between general 

cognitive abilities and individual differences in TEP measurements. It rather suggests that these 

relationships may also be task- and state-dependent (e.g., Lee et al., 2015). For example, they 

may be present when TEP sizes are measured while performing tasks that high intelligent are 

good at like those that are very similar to those that are used for measuring general cognitive 

abilities (e.g., Ahern & Beatty, 1979; Tsukahara et al., 2016), especially in specific states when 

task becomes highly demanding (e.g., van der Meer et al., 2010) or when allocating resources 

is rewarding (e.g., Heitz et al., 2008). Moreover, the WMC estimates can be related to individual 

differences in the trial to trial variability in TEP responses in specific tasks or states (e.g., 

Unsworth & Robison, 2015 & 2017). In fact, in the present studies, the low span individuals 

had larger variation (not larger average size) in TEP responses in Posner accompanied with 

longer RT in invalid compared to valid trials but only in SOA1300. However, WMC scores and 

CoV of TEP sizes in MOT or in cue-evoked TEP sizes in Posner were not related.  
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5.4.1 Evidence for “resource” and “efficiency” accounts at task level 

Since the measurements of general cognitive ability were not related to TEP sizes in either of 

tasks, individual differences in TEP responses cannot be explained by any of the efficiency, 

effort and resource accounts (Ahern & Beatty, 1979; van der Meer et al., 2010; also see Figure 

10) that predict different patterns of relationships between mean TEP sizes and fluid 

intelligence. However, our results are consistent with the resource account, but at the task level. 

That is, high performers in each task had more resources available to invest and both showed 

greater TEP dilations and outperformed low performers on the most demanding conditions, like 

when tracking 5 targets, when no cue was presented, when the time interval between cue and 

target was longer or when the target was not cued validly. However, it also seems that the high 

performers were also more efficient because they always outperformed the low performers even 

when they did not show larger TEP responses; i.e., they performed better without investing 

more resources. For example, high Posner performers, responded more than 100ms faster than 

low performers in SOA800, without showing larger TEP sizes. In other words, it seems like the 

high performers in each task could modulate their resource allocation strategy based on the 

demanding level of the task. Brain imaging studies have also found evidence for strategy 

modulation of resource allocation based on task type and task difficulty (Neubauer & Fink, 

2009). Findings indicated that when a task is not highly demanding, or it is well-learned, highly 

able individuals use their neural processing resources (in frontal areas) efficiently, but when the 

task is demanding, they invest more cortical resources than individuals with lower abilities. 

5.4.2 Relationship between individual differences in TEP sizes and cognitive 

measurments put the “single resource theory” under question  

The concept of mental recourses has been frequently used to interpret the TEP responses, 

especially in attentional tasks, but the construct has not been defined clearly. Similar to 

Spearman’s (1927) concept of “general intelligence or g factor”, the single resource theory 

(SRT), defines the human’s attentional system as one limited central capacity (or in 

Kahneman’s (1973) term mental energy) that can be dynamically allocated to different tasks. 

Since this general resource is related to the functioning of the brainstem arousal system, the 

quantity of resource allocation and its limitations can be tracked in psychophysiological 

responses like pupil size. If these constructs refer to the same central resource, the individual 

differences in pupillary responses should have been related to both general abilities and task 

performance in attentional tasks. Although few studies have reported such a relationship 
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between pupil size and general cognitive abilities, results are inconsistent and our present 

results (along with results from Stroop and AXCPT study that are not presented here) do not 

support this view of a single resource construct, and rather suggest that a putative attentional 

resource differs from the general cognitive resource. However, if the single resource construct 

refers to a general, arousal-related attentional capacity that is deployed in all effortful attentional tasks, 

then it should be possible to use a principal component analysis (PCA) based on TEP sizes of same 

individuals across several attentional tasks and estimate a “general attentional resource component” 

which can predict the performance of an individual in attentional tasks. Since we had this kind of data, 

we examined this view of a single attentional resource. The general component estimated based on TEP 

sizes from four attentional tasks could only predict total accuracy in Stroop and total response times in 

Posner task (Table 4). We also estimated a task-specific component using TEP sizes evoked in each 

task. These “task-specific resource components” could predict the performance in each correspondent 

task, except in the MOT task. These results suggest that there exist several limited task-specific 

processing resources (Gopher & Navon, 1980), and that individual differences in task-driven pupil 

size reflect differing capacity in the relevant pool of resources. When tasks have similar nature 

and involve similar cognitive processes, similar resources will be deployed. 

 

Table 4. Results from partial correlational analysis. 

 
Note. ga factor: general attentional resource component. MOT factor: MOT-specific resource 
component, ACC: total accuracy, RT: total response time. WMC: working memory capacity. 
 
 
Consistently, the resource component extracted from AXCPT correlated with overall 

performance in both AXCPT, Stropp and Posner task, but not with MOT performance. In 

contrast to MOT, those three tasks all involve conflict resolution. Thus, it seems that our results 

are consistent with the multiple resource theories (e.g., Beatty, 1980; Navon & Gopher, 1979; 
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Wickens, 1984), which were developed to account for other findings, like the time-sharing effect, that 

could not be explained by the single resource account. According to multiple resource theory, in addition 

to an undifferentiated general resource, individuals have several limited pools of processing resources 

that are recruited in specific tasks, processing stages and input/ output modalities (Wickens, 1984 & 

2002). Similar concepts were proposed by three slave components of Baddeley & Hitch's model 

and Spearman’s concept of specific abilities that are required for performance in specific tasks 

(Mulder, 1986). However, in this stage, this interpretation is speculative and much more 

empirical research is required to test these theories. In fact, the state- and task-specific account 

of individual differences in TEP sizes can still be explained by single resource theory. For 

example, Kahneman (1973) suggested that there is only a single processing resource, and 

individual differences may reflect differing capacity in local, rather than global, processing 

“structures”. In other words, while Wickens combines the structure and resource theories of 

attention and suggests that there are limited resources within processing structures, Kahneman 

differentiates between structures and resources. Perhaps more similar to Wickens’ perspective, 

in a recent review article, Chandler and colleagues (2019) have proposed a modular account of LC 

architecture, in which they challenge “the concept of the LC as a singular nucleus”. Based on findings 

from developmental, genetic, molecular, anatomical, and neurophysiological studies, they 

present evidence for a targeted, rather than a global, neuromodulation that can have differential 

and even opposite effects on behavior. Based on these findings, the functional specificity of LC 

modules may be achieved by the context-specific activation of distinct subsets of neurons that 

differ in their anatomical distribution and their efferent and afferent pathways and can have 

ensemble codes, which refers to (dis)synchronized spike timing among subpopulations of LC 

neurons.  This view differs from the traditional view of the LC function, which proposes that the 

LC activity alters the noradrenaline concentration globally but differences in both regional postsynaptic 

receptors and the spatiotemporal dynamics of noradrenaline reuptake lead to specific functional 

outcomes. In this perspective, these task/ state-specific TEP sizes can, for example, be related to a 

single arousal resource, which can influence specific task-related cognitive mechanisms through 

interactions with other neurotransmitters like glutamate, as proposed in GANE model (Mather et al., 

2016). In fact, how much resources (mental effort) are required or invested can depend on task-

related cognitive abilities and situational level of cognitive functioning, task demands, 

motivation and arousal irrespective of there is a single or multiple pools of resources.  
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 Neuromodulation of pupillary cognitive responses 

Another relevant but challenging question is related to the neural basis of (individual 

differences in) pupillary cognitive responses. It is challenging because it is complicated and not 

well-understood. It is relevant because any cognitively driven individual differences in pupil 

size arise from and can have implications for the underlying neural mechanisms, which may 

differ among individuals and lead to variability in their level of cognitive functioning and, in 

turn, in the pupil size. Thus, understanding the neural mechanisms behind these 

psychophysiological responses is important for developing and examining theoretical accounts. 

It may also expand the potential application of pupillometry in the applied field of cognitive 

neuroscience; e.g., in tracking the neural and cognitive functioning of healthy and atypical 

individuals. However, since the neural correlates of pupillary measurements are not tracked 

here, the literature will be used to discuss these responses at the neural level. In the attentional 

tasks, pupil responses are usually considered as a reporter variable for the neural activities in 

the LC-NE system (Beatty & Lucero-Wagoner, 2000). In fact, as mentioned, it is proposed that 

the intermediate layers of the superior colliculus (iSC) mediates the fast, orienting-related pupil 

dilations (Wang & Munoz, 2014; Wang et al., 2014), while the slower pupil dilations related to 

the arousal and mental effort are usually attributed to the activity in the hypothalamus and the 

LC (Aston-Jones & Cohen, 2005; Joshi et al., 2016; Mathôt, 2018). However, all of those so-

called classical neurotransmitters (i.e., noradrenaline, dopamine, serotonin, and acetylcholine, 

ACh) can have a modulatory effect on different aspects of cognitive processes and, in turn, on 

pupil size; either directly or through interactions with each other and with other 

neurotransmitters like GABA (Aston-Jones & Cohen, 2005; Dayan & Huys, 2009; Iwańczuk 

& Guźniczak, 2015; Larsen & Waters, 2018; Mather et al., 2016; Sara & Bouret, 2012).  

 

For example, dopamine is an important agent in reward processing (Berridge et al., 2009; 

Ferreri et al., 2019) and motor control (Malenka, Nestler, & Hyman, 2009), whereas the 

serotonin is mainly involved in affective processing like anxiety and obsession (Berger, Gray, 

& Roth, 2009). However, they both, along with NE and ACh, are also involved in regulating 

the cortical arousal and are associated with changes in pupil size (Yu, Ramage, & Koss, 2004; 

Wang & Munoz, 2015). Rewarding events, including the rewarding value of being able to 

perform a task successfully, and affective changes, like performance-related anxiety, can 

modulate the arousal level and pupillary dilations through an interaction between 
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neurotransmitters (Ressler, 2004), especially in individuals with high reward sensitivity. They 

can also be involved in the effort-based cost and benefit evaluations (Varazzani et al., 2015) in 

areas like the orbitofrontal cortex. The outcome of this appraisal processing is assumed to be 

important for regulating the LC activity, task engagement, goal-directed actions, and pupil 

dilations (see next section). In fact, empirical findings have indicated that the neuromodulatory 

effect of both dopamine and serotonin on pupil size is again mediated by the LC-NE system 

(Einhauser et al., 2008; Guiard et al., 2008; Korczyn & Keren, 1980; Larsen & Waters, 2018; 

Manohar & Husain, 2015; Muhammed et al., 2016; Spiers & Calne, 1969; Wang & Munoz,  

2015; Yu, Ramage & Koss, 2004). Similarly, the brainstem cholinergic neurons have also 

extensive excitatory projections to other brain areas including the LC (Lee & Dan, 2012). 

Findings have shown that changes in the ACh levels have similar effects as NE manipulation 

on sleep-wake transitions, cortical reorganization, sustained attention, suppressing top-down 

information in favor of bottom-up signals, context learning of expected uncertainties (Yu & 

Dayan 2005), and pupil dilation (Reimer et al., 2016). Also, results from Monte Carlo analysis 

in our Posner study suggested a late or gradual cholinergic modulation of orienting attention 

and TEP responses. Furthermore, based on findings from investigations on the relation between 

neuromodulation of pupil diameter and temporal perception, some authors have suggested that 

increased NE alter the perception of time interval (overestimating the elapsed time since cue 

presentation) which is accompanied with decreased saccade latency and pupil dilation whereas 

an increased level of ACh has a gradual effect on pupil dilation and decreasing saccade delay 

by modulating the storage of correct duration in the memory. However, these neuromodulatory 

effects probably depend also on the preexisting brain state and the interactions between 

neuromodulators (Faber, 2017). In fact, it is proposed that the LC modulates the pupil dilation 

through its inhibitory effect on cholinergic modulation of the parasympathetic oculomotor 

complex (Koss, 1986; Wilhelm, et al., 1999).  

 

Due to this association between pupil dilation and both acetylcholinergic and adrenergic firings, 

some researchers doubt that pupil size can be a reliable measure of the activity of either 

neuromodulator (Larsen & Waters, 2018). On one hand, findings from simultaneous neural 

recordings and pupillometry have shown that noradrenergic firings precede the peak of pupil 

dilation by ~1s whereas cholinergic firings occur ~0.5 s later (Larsen & Waters, 2018; Reimer 

et al., 2016). On the other hand, pharmacological studies have shown that cholinergic drugs 

injected directly to the eyes have tonic effects on pupil size and can directly modulate the 



 

75 

activation of iris sphincter and dilatory pupil muscles, again making it difficult to identify the 

timescale of different neuromodulatory effects on the pupil size (Larsen & Waters, 2018). In 

sum, it is important to have a broader perspective in mind regarding the complexity and 

connectivity of underlying mechanisms that are involved in the modulation of pupil sizes in 

attentional tasks. Nevertheless, since the LC-NE system is probably the most relevant 

neuromodulatory mechanism underlying the findings in the current dissertation, in the next 

section, the theoretical frameworks regarding the neuromodulatory role of this system in 

cognitive processes and behavioral responses, especially pupillary responses, will be presented. 

The LC is a small structure composed of only 22,000 to 51,000 pigmented neurons (Mouton, 

Pakkenberg, Gundersen, Price, 1994), located in each side of the pons, and is the principal site 

of norepinephrine synthesis in the brain. Despite its small size, the LC neurons receive inputs 

from 111 brain regions where each LC neuron can be innervated from 9 to 15 regions. As 

mentioned in the introduction, because of this widespread connectivity with other brain areas, 

the classical views of the LC-NE system propose that it has a functional role in regulating the 

level of arousal and alertness (Berridge & Waterhouse, 2003; Sara, 2009). But more nuanced 

theories have come suggesting that the LC also regulates changes between brain states (e.g. 

Reimer et al., 2014; Shine et al., 2018) and behavioral states (Aston-Jones and Cohen, 2005; 

Bouret & Sara, 2005; Yu & Dayan, 2005). These theories are presented in the following sections 

to assess what our pupillary findings may imply at the neural level. Although the neural 

pathway behind the LC-pupil relation is not clear, and it is influenced by the effect of other 

neurotransmitters, there is solid evidence for these correlations both during an attentional task 

and in resting state (Joshi et al., 2016; Liu et al., 2017; Varazzani et al., 2016).  

5.5.1 Adaptive-gain theory of LC  

Perhaps the most prominent theory on the functional role of the LC-NE system is 

conceptualized by Aston-Jones and Cohen (2005) who proposed that the LC has two modes of 

activity, a tonic (sustained) and a phasic (transient) firing. The phasic mode is driven by the 

behaviorally relevant external (bottom-up) or internal (top-down) stimuli, or, as suggested by 

neural network modeling (Usher et al., 1999), by the outcome of decision-related processes. 

This mode is accompanied by bursts of high-frequency neuronal discharge and NE release 

which modulates the responsivity (gain) of cortical target sites, task engagement, and pupil 

dilations. The phasic responses to task-relevant stimuli indicate that the LC has a role in 

modulating the sensory processing of the sudden or motivationally relevant changes in the 
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environment and that it may act as a temporal attentional filter in favor of task-relevant 

processes (Aston-Jones & Cohen, 2005). In addition to this function in selective attention, the 

phasic mode is also activated during tasks that require an increase in sustained attention and 

mental effort to process differing levels of cognitive load like in MOT (Alnæs, et al., 2016; 

Beatty & Lucero-Wagoner, 2000). It is also noteworthy that some findings indicate that the 

phasic firings are more synchronized with the initiation of behavioral responses than with 

stimulus presentation, but others have found evidence for both (Kalwani, Joshi, & Gold, 2014). 

In any case, these findings indicate that the LC phasic mode has an event-locked nature which 

facilitates the fast and appropriate motor responses (e.g., task performance), in addition to 

modulating the perceptual sensory processes. Consistently, we found larger phasic TEP sizes 

of high performers in demanding conditions in both MOT and Posner task. 

 

The LC tonic mode of activity is, relative to the phasic discharge, distinguished by stochastic 

and slow firing rates (in several seconds or minutes) and regulates the arousal level (i.e., the 

transition between behavioral states like being attentive, explorative, stressed or sleepy) and the 

pattern of tonic pupil fluctuations (Devilbiss & Waterhouse, 2011; Granholm & Steinhauer, 

2004; Aston-Jones & Cohen, 2005). That is, the low tonic LC activity is associated with 

sustained small pupil sizes along with sleepiness or fatigue whereas the high tonic LC activity 

is associated with stress, high arousal, large baseline pupil sizes, task disengagement and 

explorative mode of behavior (Aston-Jones & Cohen, 2005; Mathot, 2018). Finally, a medium 

level of LC tonic activity is associated with an optimal level of arousal, attentiveness, task 

engagement, better performance, and a medium level of pupil size. In line with this pattern, 

high MOT performers had larger average baseline pupil size than low performers. However, in 

the Posner task, baseline sizes were not related to task performance.  

 

Although the tonic and phasic modes are usually described distinctly, they are considered to be 

the extremes of a continuum function that is regulated by for example alterations in electrotonic 

coupling among LC neurons or changes in baseline firing rates (Aston-Jones & Cohen, 2005). 

There is now a large pool of empirical evidence that provides support for the adaptive gain 

theory (Joshi et al., 2016; Gilzenrat et al., 2010, Jepma, & Nieuwenhuis, 2011; Murphy et al., 

2014; Rajkowski, Kubiak, & Aston-Jones, 1993). Our findings suggest that individual 

differences in the tonic and phasic pupil size should be related to the different level of arousal, 

task engagement, and intensity/ efficiency of neural responses in the LC to task-relevant events 
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when task demands increases. Neural feedbacks from cortical areas involved in different 

processing stages including those involved in cost-benefit tradeoff can regulate these 

neurophysiological processes. For example, less task-related abilities increase the costs 

associated with high loads and how rewarding or motivating the current task in each moment 

is, how much resources an individual has in a specific state and task, and how well a task is 

learned, can be relevant for performing effectively without much effort. From an evolutionary 

perspective, this account suggests that the LC regulates the balance between exploitation and 

exploration modes of behavior. The exploitation mode is driven by the utility computations 

(cost and benefit evaluations) in cortical brain areas like anterior cingulate and orbitofrontal 

cortices in each moment to optimize both short and long term benefits by engaging in a task. 

When the rewarding value of outcomes fades, or the reward does not seem to be accessible, the 

explorative mode is driven by high tonic LC firing to disengage from the current task and search 

for other or higher rewarding sources.  

5.5.2 Network reset theory 

Another theory regarding the functional role of the LC- NE system is proposed by Bouret and 

Sara (2005), inspired by findings from studies with invertebrates and in an attempt to provide 

a simplified and overarching model. In short, this account proposes that phasic noradrenergic 

firings in response to relevant environmental changes abruptly interrupt activity in the current 

neural networks and reorganize them into new functional networks that are relevant to provide 

rapid adaptive behavioral responses. This neural modulation is possible through noradrenergic 

influence on both cellular excitability and synaptic strengths. The tonic activity, on the other 

hand, is accompanied with long-lasting changes in the firing rate of LC and frequent behavioral 

shifts in the form of increased erratic task performance and distractibility by many irrelevant 

stimuli. According to Sara and Bouret (2012), the phasic LC activity may be a part of a general 

“orienting reflex” that is elicited by significant, or unexpected, and behaviorally relevant events 

(which activates components of the reticulate formation and hypothalamus) and is accompanied 

with physiological responses like changes in pupil dilation and heart rate along with 

“conditioned cortical arousal”, resetting the activity of forebrain networks and adaptive 

behavioral responses. Our Posner results did not show such an orienting effect, but it is probably 

related to our endogenous paradigm (Smith, Rorden, & Jackson, 2004) and the fact that invalid 

targets were not unexpected (see next section). Compared to the adaptive gain theory, this 

account considers a more general (but limited) role for the LC function in regulating behavior 
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through resetting the neural networks based on stimulus-induced cognitive shifts. But the 

adaptive gain account proposes a more specified (time-locked) but broader regulating influence 

on both sensory-, decision making- and response producing layers of a behavioral network 

based on moment to moment cortical evaluations of costs and benefits and behavioral 

feedbacks. Results from a recent pupilometry study (Algermissen, Bijleveld, Jostmann & 

Holland, 2019) favored the network reset theory, rather than the adaptive gain theory, indicating 

that any task switching, either from exploitation to exploration or vice versa, was associated 

with brief increases in baseline pupil size (tonic LC firing) and decreases in pupil dilation. 

5.5.3 Unexpected uncertainty  

Concurrent with two previous theories, Yu and Dayan (2005) proposed another functional role 

for the LC-NE system in which they put more emphasis on the NE’s role in cortical plasticity 

and processing unexpected changes in the external world. According to this theory, 

acetylcholine (ACh) reports on expected uncertainties that are inherent in the task (like 

presenting invalid targets) whereas NE signal reports on an unexpected uncertainty (for 

example when the timescale of target presentation changes unexpectedly). The NE signals lead 

to an enhancement of bottom-up information processing, inhibiting the irrelevant top-down 

expectations, behavioral adjustment, and modified predictions. Compared to the former 

theories, it seems to be a more specified approach to the LC-NE’s role in cognitive and 

behavioral regulations. But it is a complimentary account that provides a plausible, Bayesian 

explanation on neuromodulatory role of NE and ACh in learning, prediction/performance 

modification, and in the integration of the bottom-up and top-down information when we 

counter an unexpected or expected interference (uncertainty) between our expectations (i.e., 

our internal representations of the world) and observations in the real world (Bouret & Sara, 

2005; Yu & Dayan, 2005). The pupillary responses observed in the present thesis cannot be 

related to this neuromodulatory role of LC because all experimental uncertainties were 

expected.  However, the temporal characteristics (onset and longitude) of pupillary findings 

from the Monte Carlo analysis in the Posner’s task (i.e., larger TEP sizes in invalid relative 

valid trials from 1000 to 2100ms after target presentation, and around 500ms after executing 

the behavioral response) seems to be consistent with the proposed cholinergic modulation of 

the expected uncertainty triggered by cue invalidity (in 13% of trials). This interpretation is also 

consistent with the cholinergic modulations of orienting effects on pupillary responses 

(Fernandez-Duque & Posner, 1997). It is also possible that cholinergic signals modulate pupil 
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responses indirectly through its interaction with LC-NE system. We found a negative relation 

between overall RT and pupillary index of orienting effects that may indicate an interactive 

relation between the two noradrenergic and cholinergic mechanisms when the task becomes 

most demanding (i.e., in invalid relative to valid trials).  

5.5.4 Reorienting theory 

A common view among the above theories is that the phasic LC activity modulates goal-

directed attentional processing and behavioral performance (Hofmeister & Sterpenich, 2015). 

Another closely related theory was proposed by Corbetta and Shulman (2008) in which they 

suggest that the main role of LC phasic activities is to facilitate adaptive responses by triggering 

a functional shift of activity between ventral (bottom-up) and dorsal frontoparietal (top-down) 

attentional networks. An earlier theory proposed by the same authors (Corbetta & Shulman, 

2002) described these dorsal and ventral attentional networks as two separate functional and 

anatomical networks that are involved in orienting attention and detection of, respectively, 

expected and unexpected but behaviorally relevant stimuli. According to the reorienting 

hypothesis, the LC signals into the ventral network facilitate the stimulus-driven “reorienting” 

response, which interrupts and resets the ongoing goal-driven processes in the dorsal network 

to provide an appropriate behavior. This account is very similar to the reset theory (Bouret & 

Sara, 2005) since they both propose that the phasic LC activity elicited by significant stimuli 

induces an interruption or “reset” in existing functional networks (Sara & Bouret, 2012). 

However, it differs from a dual mechanism hypothesis (Fernandez-Duque & Posner, 1997; 

Petersen & Posner, 2012), which proposes that the LC phasic activity modulates only the 

“alerting” network (an attentional network which is triggered by warning cues and is involved 

in maintaining a preparatory state to respond optimally), whereas the “orienting” system is 

modulated by cholinergic signals (Petersen & Posner, 2012; Coull, Nobre, Frith, 2001; Witte 

& Marrocco, 1997). Our pupillary results from the Posner study (Paper III) did not provide 

evidence for the reorienting theory. By contrast, pupillary responses revealed only an alerting 

effect induced by visual cues, which seems consistent with the dual mechanism prediction.  

5.5.5 Brain state regulation 

Based on evidence from empirical and computational modeling studies, more recent theories 

 propose that the LC-NE system modulates cognition by regulating dynamic changes in the 

brain states; i.e., electrophysiological activities (Lee & Dan, 2012; Reimer et al., 2014 & 2016), 
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or through regulating the balance between states of functional integration (inter-connection 

between specialist regions) and segregation (regions with high functional specialization) in the 

brain networks (Shine, et al., 2016). For example, some animal studies indicate that 

wakefulness is not a unitary brain state and selective attention to specific stimuli is also 

associated with neuromodulatory influences on changes in ensemble cortical activity, 

especially at a more local level (Lee & Dan, 2012). Also, across several species, it is found that 

waking periods are characterized with a spectrum of cortical dynamics in which the more active 

states (like during exploratory behaviors) are accompanied with a transition to a more 

desynchronized cortical state, less population correlation and reduced low-frequency 

oscillations along with enhanced sensory processing. Interestingly, these brain state fluctuations 

were shown to be well-tracked by fluctuations in pupil size. For example, Reimer and 

colleagues (2014) found that, during the periods of “quiet wakefulness” in rats, pupil dilations, 

compared to pupil constrictions, were accompanied with a higher correlation between neural 

population activity and desynchronized intracellular membrane potential along with an increase 

in orientation selectivity. Moreover, rapid variations in cortical states during both quiet waking 

and locomotion were closely accompanied with rapid pupil dilations and noradrenergic 

projections (Reimer et al., 2016). However, under movement, long-lasting pupil dilations were 

also, and even better, correlated with sustained cholinergic projections. There are also studies 

showing that the relationship between pupil dilation and changes in the internal brain state is 

not movement-dependent and can be observed and enhance sensory encoding in the absence of 

overt shifts in locomotion or behavior (Larsen & Water, 2018). In fact, rather than being 

opposing theories, they all complete each other and explain the neuromodulatory role of LC at 

different levels. 
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6 Concluding Remarks 

Since the 1960s, dynamic non-luminance-mediated changes in the size of pupil diameter has 

been used in the field of psychology and cognitive neuroscience as a reliable 

psychophysiological marker of underlying neurocognitive processes. Findings have generally 

shown that when cognitive demands increase adequately, task performance typically 

deteriorates while phasic task-evoked pupil (TEP) size increases. At the cognitive level, the 

phasic TEP changes in the attentional tasks are referred to the amount of mental effort (the 

intensity aspect of attentional processes) and (neural) resources that relative to a limited pool 

of available resources are invested to perform a task. They are also attributed to the amount of 

task engagement and changes in the arousal level, especially when task demands increase. At 

the neural level, these pupillary cognitive responses are usually explained as a by-product of 

increases in the release of neuromodulators, especially in locus coeruleus-norepinephrine (LC-

NE) system, to regulate the neural gain and activity in task-relevant brain areas. This 

dissertation aimed to investigate the cognitive basis of individual differences in these TEP 

responses and in the tonic pupil sizes that are measured either during resting wakefulness or 

during the baseline-period preceding each trial in a cognitive task. Some previous studies have 

reported a relationship between tonic and phasic pupil sizes and cognitive traits, such as general 

intelligence (gF) and working memory capacity. However, results presented in this thesis 

indicate that individual differences in pretrial baseline and phasic pupil sizes are driven by task- 

and state-specific level of cognitive functioning, that may, in turn, influence on how much 

mental effort and resources are required to perform the task successfully, especially when it 

becomes demanding. These differences may also have visual consequences, especially in real-

life situations, by modulating the trade-off between visual sensitivity and acuity in a state-

specific fashion. Results also showed a stable effect of aging. Finally, differences in sample 

characteristics and methodological factors seem to be important when studying the cognitive 

correlates of individual differences in pupil sizes. These findings are important for our 

understanding of these psychophysiological markers and for developing better theoretical 

accounts. These findings can also contribute to expanding the potential application of 

pupillometry. For example, in combination with machine learning, it may be possible to adjust 

the demanding level of the cognitive tasks based on the changes in behavioral and pupillary 
responses and track individuals’ cognitive progression in educational settings and therapeutic 

interventions at the individual level. 
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7 Supplementary Materials 

Supplementary Table 1. Correlation (Pearson’s r) between pretrial baseline pupil size in 

Posner cueing task and indices of general cognitive abilities and overall performance. 

 

 COV Age Total RT WMC gF 

 Mean Baseline ,10 -,42** -,07 ,01 -,01 

COV Baseline 1 -,30** ,05 ,01 ,21 

 
Note. CoV = coefficient of variation, WMC = working memory capacity, gF = g factor, RT = 

response time. ** Significant at the 0.01 level (2-tailed). The same pattern of results was found 

when we used the mean and CoV of pretrial baselines in each SOA condition. 

 
 

 
 
Supplementary Figure 1. Behavioral (RT: response time) and pupillary responses (mean task-

evoked pupil size) as a function of Trial Types, Stimulus Onset Asynchrony (SOA) condition 

and level of overall task performance in Posner cueing task. An ANOVA with TEP sizes 

revealed significant main effect of SOA and Trial Type, indicating larger TEP sizes in SOA1300 

and smaller TEP sizes in no-cue trials compared to all other trial types (see Supplementary 
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Table 2). There was also a significant interaction between SOA and level of task performance; 

indicating that high perfromers had larger TEP sizes in SOA1300 than low performers. Similar 

ANOVA with RT as dependent variable revealed significant main effect of Trial Type (RTs were 

faster in valid and neutral trials than in no-cue and invalid ones. RT in valid trials was also  

faster than neutral), main effect of SOA (faster RT in SOA1300) and main effect of Level of 

Performance (high performers responded faster in all trial types and SOAs). There were also 

significant two-way interactions between Trial Type * Level of performance and SOA * Trial 

Type along with three-way interaction between SOA * Trial Type * Level of performance. Post-

hoc analyses indicated that high performers responded faster in long SOA than in short SOA 

in all trials except in invalid trials. Low performers also responded faster in long SOA than in 

short SOA but only in valid and neutral trials; i.e., RT in no-cue and invalidl trials did not differ 

between long and short SOA.  

 

 

Supplementary Table 2. Results from ANOVAs 

Mixed ANOVA with Target-Evoked Pupil Sizes 

 F  p ηp2 

SOA 112.57 < .001 .62 

Trial Type 8.74 < .001 .11 

SOA * level of task performance 4.15 .04 .06 

Mixed ANOVA with Response Times 

SOA 57.24 .001 .44 

Trial Type 57.38 .001 .44 

Level of task performance  101.57 .001 .58 

Trial Type * level of task performance 2.82 .04 .04 

Trial Type *SOA  4.83 .003 .06 

Trial Type *SOA * level of task performance 3.16 .03 .04 
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Supplementary Table 3. Correlational results from our recent study (N= 122), in which MOT 

was used and in addition to pretrial and task-evoked pupil (TEP) sizes, pre-task baselines were 

also measured along with fluid intelligence (IQ), personality and motivational traits. The tables 

present results for mean and coefficient of variation (CoV) of Pretask (resting-state) and 

pretrial baselines (Top) and mean TEP sizes (bottom). TEP 2: mean TEP sizes in load 2. ACC: 

accuracy (MOT performance), IQ was measured by Hagen Matrices Test. Personality traits 

were measured by 20-item mini IPIP scale; E: Extraversion; A: Agreeableness; C: 

Conscientiousness; N: Neuroticism; I: Intellect. Motivational traits were measured by Intrinsic 

Motivation Inventory; IMI- I/E: Interest/ Enjoyment subtest; IMI-PC: Perceived Competence 

subtest, and by Need for Cognition (NfC). Pupillary measurements did not relate to cognitive 

or personality traits. The only exception was a positive relationship between CoV of Pretask 

baselines and IMI-I/E, and between TEP sizes at  load 5 and ACC at load 3 (not presented in 

this Table). In fact, similar to our finding in Paper II, high MOTperformers outperformed low 

peromers across all loads but had larger TEP sizes only at load 5. 
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A B S T R A C T

Dynamic non-luminance-mediated changes in pupil diameter have frequently been shown to be a reliable index

for the level of arousal, mental effort, and activity in the locus coeruleus, the brainstem's noradrenergic arousal

center. While pupillometry has most commonly been used to assess the level of arousal in particular psycho-

logical states or the level of engagement in cognitive tasks, some recent studies have found a relationship be-

tween average resting-state (i.e. baseline) pupil sizes and individuals' working memory capacity (WMC), in-

dicating that individuals with higher WMC on average have larger pupils than individuals with relatively lower

WMC. In the present study, we measured pupil size continuously in 212 participants during rest (i.e. while

fixating) and estimated WMC in all participants by administering the Letter-Number Sequencing (LNS) task from

WAIS-III. We were unable to replicate the relation between average pupil size and WMC. However, the novel

finding was that higher WMC was associated with higher variability in resting-state pupil size. The present

results are relevant for the current debate on the role of noradrenergic activity on working memory capacity.

1. Introduction

During the last decade, some evidence for a positive relationship

between estimates of individuals' working memory capacity (WMC)

with baseline pupil size has emerged in the cognitive science literature,

indicating that individuals with high WMC have larger pupils during

rest (Heitz et al., 2008; Tsukahara et al., 2016). Working memory (WM)

is a theoretical construct, introduced first by Baddeley and Hitch

(1974), which refers to “a hypothetical cognitive system” involved in

maintaining, manipulating and retrieving task-relevant information

(Unsworth and Robison, 2017). An ancillary idea is that WM is capacity

limited and that such a capacity widely differs between individuals

(Conway et al., 2007). Indeed, several empirical studies have shown

that WM capacity is limited and individual variation can predict per-

formance on a wide range of cognitive tasks (e.g., Broadway and Engle,

2011). This relationship also includes higher-order cognitive tasks, in

which inhibition, reasoning, or problem-solving skills are required

(Unsworth and Robison, 2017; Wilhelm et al., 2013), and it may be

related to general intelligence (Conway et al., 2003).

In most experimental paradigms, baseline or tonic pupil size refers

to resting-state and/or pre-trial measurements of pupil size under a

constant light condition with no task and no meaningful stimuli to at-

tend to (e.g., a blank screen). Resting-state (also called as pre-experi-

mental or pre-task) baseline pupil size is measured for a few seconds to

a few minutes before initiating an experimental session and pre-trial

baseline pupil size is measured right before initiating each trial.

Participants are typically asked to simply look at a fixation cross in the

middle of the screen to limit eye movements and its consequent effect

on measurements. Baseline in the present study refers to the resting-

state (pre-experimental) pupil diameter.

Pupil size has also been linked to the general psychophysiological

construct of ‘arousal’ (e.g., Hess and Polt, 1960; Hess and Polt, 1964;

Kahneman and Beatty, 1966; Kahneman, 1973). Consistent with this,

Heitz et al. (2008) proposed that the finding that high WMC individuals

had larger resting-state pupil size compared to those with low WMC

might indicate a generally higher level of arousal in the high WMC

individuals, which may enable them to control attention when situa-

tional interference increases. In contrast, Tsukahara et al. (2016) ar-

gued that neither a higher arousal level account nor mental effort could

explain the differences in resting state pupil size between individuals

with high and low level of WMC. In Tsukahara et al.'s (2016) results,

both WMC and fluid intelligence (Gf) correlated positively with resting-
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state pupil size, but WMC could not predict individuals' tonic pupil size

when controlling for the effect of Gf. The larger resting-state baselines

in high Gf individuals was proposed to be related to the neuromodu-

latory effect of the tonic activity in the locus coeruleus (LC) that leads to

stronger functional connectivity in the default-mode and executive at-

tention networks of the resting-state brain. This stronger functional

connectivity, may enable higher Gf individuals to engage with relevant

events more quickly, similarly to what Heitz et al. (2008) suggested.

The locus coeruleus-norepinephrine (LC-NE) system is one of the

main brain areas that modulates the pupil size through its excitatory

effect on sympathetic pathway and its inhibitory effect on the para-

sympathetic oculomotor complex (Wilhelm et al., 1999; for reviews see:

Beatty and Lucero-Wagoner, 2000; Eckstein et al., 2017; van der Wel

and van Steenbergen, 2018; Laeng et al., 2012; Mathot, 2018). The LC

is a subcortical brain structure located in each side of the rostral pons

and the only source of norepinephrine in the brain. The LC projects to

many cortical and sub-cortical brain areas, which allow it to modulate

several cognitive and emotional processes. The LC's level of activation is

vital for arousal, alertness, and awareness (Sara, 2009), and more

generally for the regulation of changes between brain states (e.g.

Reimer et al., 2014; Shine et al., 2018) and behavioral states (Aston-

Jones and Cohen, 2005; Bouret and Sara, 2005; Yu and Dayan, 2005).

For example, Aston-Jones and Cohen (2005) suggested that the LC-NE

system is involved in regulating the balance between exploitation (task

engagement) and exploration (task disengagement to search for other or

higher rewarding sources) modes of behavior.

Neuronal recordings and stimulation in animals (Joshi et al., 2016;

Rajkowski et al., 1994; Varazzani et al., 2015) have shown a tight link

between modes of activity in LC and pupil diameter. These modes of

activity differ in the pattern of spike discharge and the properties of NE

release. The phasic mode is driven by relevant external or internal

stimuli and is characterized by bursts of high-frequency neuronal dis-

charge and pupil dilations. The LC tonic (sustained) activity, on the

other hand, is, relative to the phasic discharge, distinguished by sto-

chastic, slow firing rates. The tonic discharges regulate the arousal level

and correlate closely with the pattern of tonic pupil fluctuations

(Devilbiss and Waterhouse, 2011; Granholm and Steinhauer, 2004;

Aston-Jones and Cohen, 2005). A positive relation between LC activity

and pupil diameter has also been found in human neuroimaging studies

(Alnæs et al., 2014; Murphy et al., 2014; Schneider et al., 2016; Yellin

et al., 2015).

While low tonic LC activity is associated with small baseline pupil

sizes along with sleepiness or fatigue, high tonic LC activity is asso-

ciated with stress, high arousal, large baseline pupil sizes, and with

exploration mode of behavior (Aston-Jones and Cohen, 2005; Mathot,

2018). Finally, a medium level of LC tonic activity is associated with an

optimal level of arousal, attentiveness, task engagement, better per-

formance, and a medium level of pupil size.

In addition to the level of activity, the variability of LC tonic firing

may also be important for the functional diversity of LC (Schwarz and

Luo, 2015), and for the behavioral flexibility, i.e. for the random ex-

ploration of reward resources, and for the dynamic regulation of

arousal and wakefulness based on internal state. However, while a

variable LC tonic activity can be adaptive under resting-state, it can be

destructive during task performance. In fact, Unsworth and Robison

(2015, 2017) found that lower working memory capacity was related to

greater variability, rather than an average decrease, in pre-trial baseline

pupil sizes. According to them, this may indicate the presence of a more

variable LC tonic activity level and consequently more lapses of at-

tention in individuals with lower WMC, compared to those with higher

WMC. While the relation between WMC and variability of pre-trial

baseline pupil sizes (Unsworth and Robison, 2015), and relation be-

tween WMC and mean pre-trial and mean resting-state baseline size

(Heitz et al., 2008; Tsukahara et al., 2016) have been previously ex-

amined, the relation between WMC and variability of resting-state

baseline pupil sizes remains unknown.

The association between resting-state pupil fluctuations and WMC

may be quite relevant to understanding the relationship between pupil

as an index of arousal and WM. Results from a recent imaging study

(Schneider et al., 2016) showed that resting-state pupil fluctuations

were associated with activity in the salience and executive networks.

That is, resting-state pupil dilations were accompanied by increased

activities in dorsal anterior cingulate cortex (dACC) and anterior insula.

The dACC and anterior insula are both components of the salience

network and thought to be involved in tonic alertness and arousal

states. Results also showed that resting-state pupil dilations were as-

sociated with increased activity in the executive network, which is

linked to working memory (Bressler and Menon, 2010; Curtis and

D'Esposito, 2003). Moreover, they found the same pupil-brain activity

correlations, along with increased activation in the thalamus, also when

participants were under a sleep-restriction condition. As a result,

Schneider et al. (2016) proposed that the pupil fluctuations may reflect

an arousal regulation, indicating that subjects were trying to remain

alert while keeping their gaze on the fixation point.

The above neuroimaging findings are intriguing in light of both the

“control or executive attention view” of WMC (Kane et al., 2001; Kane

et al., 2007) and the LC account of individual differences in WMC and

attentional control (Unsworth and Robison, 2017), which suggest that

WMC reflects a general top-down ability to control attention, through

the neuromodulatory effect of the LC-NE system. However, there is

limited experimental evidence for this relationship and the nature of

the relationship is not clear.

Results from other psychophysiological measurements of the auto-

nomic nervous system (ANS) like heart rate variability (HRV) indicate

that high WMC associates with higher variability in HRV (Laborde et al.,

2015). As pupillary fluctuations, HRV is under the influence of the

parasympathetic nervous system and linked to cognitive functions. In-

dividuals with higher rest HRV had higher WMC and better cognitive

control (Hansen et al., 2009; Gillie and Thayer, 2014). Indeed, pu-

pillometry with eye-tracking may be the most promising method to

study the relationship between arousal and the LC tonic activity with

WMC, given the tight link between the LC and pupil size and that, in

comparison to heart rate and skin resistance, pupil size is the most

consistent index of sympathetic activity of autonomic nervous system

(Kahneman et al., 1969). Moreover, neuroimaging of the LC is not only

costly but methodologically challenging because of its small size and its

location in the brainstem.

Thus, the aim of present study is to re-assess the relation between

WMC and tonic pupil size (both as averages and as variability) and to

attempt to replicate the previous findings indicating a relationship be-

tween the state of noradrenergic modulation, as indexed by pupil size

and WMC. Specifically, we hypothesized that, if the average baseline

pupil is related to WMC, then there should be 1) a significant difference

in resting-state pupil size between individuals with high and low levels

of WMC, essentially replicating findings of previous studies; and 2)

there should be a positive relation between average baseline pupil size

and WMC. However, if, similar to other psychophysiological measure-

ments of the ANS (like HRV), WMC is related to the variability in tonic

pupil size, then 3) we should find a positive relation between WMC

estimates and the coefficients of variation of these baseline pupil sizes.

2. Method

2.1. Participants

We recruited a sample of N=212 participants (139 females; mean

age, 25. 2 years; SD, 4.28), most of them among students from the

University of Oslo. All participants had normal or corrected-to-normal

vision. All signed a consent form prior to participating and received a

gift card with a value of 100 Norwegian Kroner as compensation. No

information regarding the main purpose of the study was revealed to

them prior to testing. A statistical Power analysis using G*Power tool
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(Faul et al., 2007) based on the reported effect size of WMC on resting-

state baseline pupil size (mean d=0.715, from Tsukahara et al., 2016)

showed that, with an alpha level of 0.05, at least 88 participants would

be required to get a Power of 0.95 (i.e., N=44 in each group with high

and low WMC). Thus, our sample is well in excess of the needed sta-

tistical power for replicating previous results. Having large enough

sample size is important since dividing a sample into two groups based

on median value decreases statistical power.

2.2. Materials, apparatus, and procedure

To test our hypothesis, we included in the initial phase of several,

separate, pupillometry experiments that we have been running lately in

our laboratory at the department of psychology (University of Oslo),

both a measure of WMC and of resting-state baseline pupil size.

Participants were asked to just look at a fixation cross presented at the

middle of a blank screen and then WMC was measured. This procedure

and fixation stimulus were identical in every session. However, the

WMC of 20 participants were estimated before measuring resting-state

pupil sizes due to the experimental setup in a specific study. Excluding

these individuals from the analysis did not change the patterns of re-

sults.

A binocular Remote Eye Tracking Device (R.E.D.; SMI-SensoMotoric

Instruments, Teltow, Germany) was used to record the pupil size. The

R.E.D. can operate at a distance of 0.5–1.5 m and its recording cap-

abilities are not influenced by room lighting. All participants were

tested in the same windowless room with constant illumination. The

recording sample rate was 60 Hz (i.e. every 16.7ms; since pupillometry

does not benefit from higher sampling rates; Sirois and Brisson, 2014)

with a spatial resolution of about 0.1 degrees. Participants were seated

in front of a 47×29.4 cm color, flat LED monitor with a resolution of

1920×1080 pixels and 60 Hz refresh rate. After finishing the calibra-

tion and validation procedure, participants were asked to just look at a

black fixation cross (Background: RGB: 120, 120, 120, Fixation cross:

RGB: 0,0,0), presented at the center of a blank empty screen. Differently

from some previous studies (i.e., Tsukahara et al., 2016), head move-

ments were stabilized using a chin-rest that kept the eye-to-monitor

distance constant at 57 cm.

The measurement duration for the first study (N=40) with this

experimental setup designed to measure WMC and resting-state base-

line pupil sizes was 5min. After analyzing these data, we modified the

setup and reduced the measurement duration to 2min for the last 172

participants; simply because we found a strong correlation (r= 0.98,

p < .005) between the median pupil sizes obtained from the 5min

recordings and the mean pupil sizes from the last 2min of the re-

cording, making irrelevant collecting long-lasting recordings (see also

Mathôt et al., 2018).

Participants' WMC was estimated using the “Letter-Number-

Sequencing” task. The task is a subtest of the Wechsler Adult Intelligent

Scale Third Edition (WAIS-III) (Wechsler, 2003). Participants are pre-

sented with strings consisting of both numbers and letters combined,

which are unsorted. These strings vary in length and the task is to or-

ganize the numbers in ascending order and the letters in alphabetic

order. The test is discontinued when the subject fails three consecutive

sequences of the same length. A total raw score is estimated for each

participant by measuring the total number of correctly recalled se-

quences. The test can be quickly administered and, most importantly, it

is highly correlated with laboratory measures of WMC. Specifically, it

has a high correlation (r= 0.53) with a composite score of three se-

parate operation span tasks (i.e., automatic operation span task, lis-

tening span task, modified lag task; Hill et al., 2010) and it is the most

widespread measure of WM among European psychologists (Evers

et al., 2012).

2.3. Data processing

After visual inspection to evaluate the quality of data, artifacts (e.g.,

physiologically impossible values) and time intervals containing blinks

were replaced by linear interpolations beginning five samples before

and five samples after a blink. Interpolated data were further filtered,

using Hampel filter (Pearson, 1999), and then smoothed, using Lowess

smoothing (Cleveland, 1981), to exclude outliers and high-frequency,

instrumental noises (Klingner et al., 2008). The statistical analyses were

repeated for raw, interpolated, Hampel filtered and smoothed pupil

data to investigate whether our preprocessing procedure influences the

results. Since the results did not change, we report only the outcomes

from the data that had undergone the whole preprocessing procedure

(i.e., interpolated, Hampel filtered and smoothed data). Finally, to

measure the median and mean pupil size (in mm) for each participant,

we used 100 s from the 2min recording, skipping the first and last 10 s.

All pre-processing of pupillary data was done using R (R Core Team,

2018). Analysis scripts are available from https://github.com/thohag/

pupilParse.

In addition, a WMC score was calculated for each participant. A

higher score indicates higher WMC. To assess differences in baseline

pupil size between individuals with high and low WMC, the median of

total scores for WMC was calculated and participants were then divided

into two groups with high and low WMC. To examine whether WMC

relates to the variability, instead of the average, of tonic pupil size, the

coefficient of variation (CoV) of baseline pupil diameters was com-

puted. Considering our recording frequency of 60 HZ and the mea-

surement duration of 100 s, there were 6000 recorded data points for

each participants. First, mean and standard deviation (SD) of these

recorded baseline values were calculated for each individual, and then

CoV was computed using the following formula: (SD/Mean) ∗ 100.
The statistical analyses were performed with IBM SPSS version 25

(IBM SPSS Statistics for Windows and for Macintosh, Version 25.0.

Armonk, NY: IBM Corp.) and JASP (v.0.9) free software (https://jasp-

stats.org/) for the Bayesian analyses.

3. Results

The Descriptive statistics for WMC scores and baseline pupil size in

each group (high and low WMC) is presented in Table 1. As seen, there

was a large range (5–20) of WMC scores between individuals.

3.1. Relationship between average baseline pupil size and WMC

After checking for normality, an independent-samples t-test was

used to test whether individuals with high WM scores show larger mean

resting-state baseline pupil sizes than those with lower WMC. As shown

in Fig. 1, there was no significant difference in mean baseline pupil size

between individuals with high WMC (N=106, M=4.38, SD=0.71)

and low WMC (N=106, M=4.34, SD=0.65), t(210)=−0.45,

p= .65; even though the difference in WMC between individuals with

high (M=15.12, SD=1.84) and low (M=10.24, SD=1.59) levels of

WMC was significant, t(210)=−20.66, p < .001, Cohen's d= 2.8.

Table 1

Descriptive statistics for WMC scores and resting-state baseline pupil size.

M SD Min–max (range) N

WMC group

High 15.12 1.84 13–20 (7) 106

Low 10.24 1.59 5–12 (7) 106

Pupil size

High WMC 4.38 0.72 3.05–7.09 (4.05) 106

Low WMC 4.34 0.65 2.94–6.30 (3.36) 106

Note. WMC: working memory capacity, M: mean, SD: standard deviation.
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Controlling for the effect of age did not change the result, and there was

also no significant difference in mean baseline pupil size between fe-

males and males (p= .34).

The data were also examined by estimating the Bayes factor to test

how probable it is to find a significant difference in baseline pupil size

between individuals with high and low level of WMC. The prior was

based on the default JASP Cauchy distribution and the fit of the data

under the null hypothesis was compared with the fit under the alter-

native hypothesis. The obtained Bayes factor (BF10) was 0.16, which is

below a BF=0.33 (Dienes, 2014), and can, therefore, be considered as

substantial evidence for H0 (or moderate evidence according to Wetzels

et al., 2015). In fact, these results are about 6.25 times (BF01= 1/

0.16=6.25) more likely under the null hypothesis (H0) than under H1.

A simple linear regression analysis also showed that WMC score was

not a significant predictor of mean baseline pupil size (B=−0.02,

p= .35) with an R2 of 0.004, F(1, 210)= 0.87, p= .35 (Fig. 2). Ac-

cording to result from Bayesian regression analysis (BF10= 0.23), these

data are 4.35 times more likely under the null hypothesis (H0) than

under H1.

3.2. Relationship between the coefficient of variation of baseline pupil size

and WMC

To examine the third hypothesis, i.e., if there is a significant dif-

ference in CoV of baseline pupil size between individuals with high and

low WMC, an independent t-test analysis was run with CoV of pupil size

as dependent variable and level of WMC as independent variable.

Results revealed a significant difference in CoV of pupil sizes between

individuals with low and high level of WMC, t(210)=−2.98, p= .003,

showing that the mean CoV was significantly larger (M=6.31,

SD=2.35) in individuals with higher level of WMC than mean CoV

(M=5.40, SD=2.10) in low WMC individuals (Fig. 3). The estimated

Bayes factor (BF10), was 9.09, which can be considered as moderate

evidence for H1 (3<BF10>10).
A simple linear regression analysis showed that WMC score was a

significant predictor of CoV of baseline pupil size (B=0.17, p= .001)

with an R2 of 0.05, F(1,210)= 10.73, p= .001 (Fig. 4).

4. Discussion

In the present study, we found a novel positive relationship between

WMC and CoV of resting-state pupil size, indicating that higher WMC

was associated with higher variability in resting-state pupil size.

However, results did not show any significant relationship between

mean resting-state baseline pupil size and working memory capacity.

Therefore, we failed to replicate the findings of two previous studies

that indicated that higher WMC is associated with a larger mean resting-

state baseline pupil size (Heitz et al., 2008; Tsukahara et al., 2016). We

note that resting-state pupil size refers to the pre-task or pre-experimental

baseline pupil size, which is measured before running the experiments

and differs from pre-trial baseline pupil size, which is measured right

before initiating each trial.

One possible reason for the present negative findings regarding

average baseline pupil size may be that the relationship between the

mean baseline pupil and working memory capacity may be sensitive to

Fig. 1. Mean pupil diameter at resting state baseline (during 100 s passive

viewing) for high (N=106) and low (N=106) working memory capacity

(WMC) participants. Error bars represents± 1 standard error.

Fig. 2. Scatterplot of working memory capacity (WMC), measured by LNS, and

mean baseline pupil size (in mm).

Fig. 3. Mean Coefficient of Variation (CoV) of rest-state baseline pupil size for

individuals with low and working memory capacity (WMC). Error bars re-

presents± 1 standard error.

Fig. 4. Scatterplot of coefficients of variation of resting-state baseline pupil size

and working memory capacity measured by LNS.
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the characteristics of the specific WMC tests. We note that the we used

Letter-Number Sequencing (LNS) to measure WMC, whereas Heitz et al.

(2008) used “operation- span task”, and Tsukahara et al. (2016) used

three “reading-, operation- and symmetry- span tasks” to measure

WMC. These three span tasks are known as “complex span task”

(Conway et al., 2005), because, in addition to encoding the memory

items (e.g., words, patterns), they include a concurrent information-

processing requirement (e.g., solving a mathematical equation). How-

ever, LNS and these span tasks belong to the same class of executive-

functioning WM tasks since they involve similar cognitive processes,

i.e., maintaining, manipulating and retrieving the relevant information

(Perry et al., 2001). Moreover, the LNS is the most widespread measure

of WM among European psychologists and considered a reliable index

of WMC (Evers et al., 2012). Hence, it is puzzling in the light of the

original hypothesis that the present WM task would differ in its re-

lationship to the pupil compared to the other WMC estimates.

We also note that in one of the previous studies (Tsukahara et al.,

2016), the effect size of the relationship between WMC and baseline

pupil size was strong (d=1.10), where high WMC participants were

found to have about 1mm larger baseline pupil size than the low WMC

participants. One would expect that using WMC tests with a different

level of sensitivity might influence the degree of the relationship, not its

presence. It is noteworthy that Tsukahara and colleagues showed also

that after controlling for the effect of fluid intelligence, the unique

variance of WMC was no longer associated with the mean resting-state

baseline pupil size. Thus, it is unlikely that our null finding for re-

lationship between WMC and mean resting-state baseline pupil size can

be due to differences in the scales (or in the measured ‘construct’ be-

tween these tasks) that were used to measure WMC.

Another possibility for the present negative finding is that we did

not have sufficient variability in WMC scores, in our sample (i.e., be-

tween the high and low WM groups). To evaluate whether our WMC

results are comparable to those of the previous studies, we examined

the descriptive information about the WMC in Heitz et al.' (2008) study,

where means and SD were reported to be, respectively, 6.33 (2.60) and

24.52 (5.88) for low and high WM span groups. Thus, it would seem

that the mean difference in WMC scores (7, 58), between those in the

upper and lower quartiles of WMC distribution, was compressed in our

sample compared to the mean difference (18,19) in the Heitz et al.

(2008) sample, but the between-group difference in WMC was still

significantly different in our study (p < .001). Unfortunately, the

range of WCM scores was not reported in Tsukahara et al.'s (2016)

study.

In addition to possible differences in our samples, there are meth-

odological differences between this and the previous studies. In contrast

to the procedure in our study, as declared by Tsukahara et al. (2016)

and Heitz et al. (2008), “No devices, such as a chin-rest, were used to

stabilize the subject's head position.” Given the lack of this distance

stabilizing factor, the mean pupil size will be larger when the distance

between the eyes and the tracker gets generally shorter (for example,

one could expect that highly motivated people might tend to sit closer

to the screen and, if the changes in size are not correct for distance by

some analysis algorithm, then these people's eyes will be registered as

larger on average). This distance is reported to be between 60 and

80 cm in Tsukahara et al.'s (2016) study, which can influence on the

eye-tracking precision causing higher degrees of instrumental artifacts

(Klingner et al., 2008). Although this may seem unlikely to be alone an

artifact capable to cause such systematic differing findings, it may

contribute some additive effects. In fact, the most reliable measures of

pupil size in mm is provided by systems that take into account head

distance and rotation together with pupil size in video pixels, so as to

compute a reliable “mapped pupil diameter” (as done by our SMI eye-

tracking hardware and software).

Finally, we cannot exclude the possibility that the larger mean

resting-state baseline pupil size in high WMC participants in the two

previous studies refers to a higher level of arousal mediated by some

other latent variables like motivational or cultural factors. Several

studies have shown motivational influences on WMC, pupil size and LC

activity (Aston-Jones and Cohen, 2005; Chiew and Braver, 2011; Heitz

et al., 2008; Krawczyk and D'Esposito, 2013; Sanada et al., 2013;

Szatkowska et al., 2008). Incentives (e.g., expecting monetary rewards)

can modulate the relationship between WMC and pupil size (Heitz

et al., 2008; Miller et al., 2019).When it comes to relationship between

resting-state baseline pupil size and WMC, such motivational factors

may induce different level of engagement and motivation to achieve,

and, in turn, modulate arousal in these individuals.

The higher level of alertness, especially in individuals with high

level of WMC, compared to those with low WMC, can also be related to

cultural differences. While participants in the current study were either

Norwegian or international students, in both previous studies they were

all from the USA. We do not have any evidence that Norwegians tend to

have smaller body size and, therefore, smaller eyes and pupils than

North Americans. Although ethnicity did not affect the results in

Tsukahara et al.'s (2016) study, cultural differences could influence on

individuals' motivation, especially in competitive situations like in

educational settings, where task engagement and giving a good im-

pression is highly valued. We also note that American students, com-

pared to European ones, apparently are used to participate routinely to

cognitive testing, therefore they may have quite good metacognition of

their abilities and be more engaged or aroused by tests, especially for

those with metacognition of their higher capacities. Hence, future stu-

dies on the current issues should include participant populations that

are different from the standard North American University samples.

Indeed, while testing for the effect of “familiarity with the environ-

ment”, Tsukahara et al. (2016) found a significant relationship between

being a college student and baseline pupil size (r=0.28, B=0.60).

The mean baseline pupil size of the low WMC individuals (M=~5.7)

in both previous studies appeared to be 1.5mm larger than the mean

pupil size of low WMC individuals (M=4.29) in our sample. Motiva-

tional or cultural factors may contribute to this relatively large differ-

ence in mean resting-state pupil size and arousal level between samples.

What seems most important is that we found that the higher WMC

was associated with higher variability in resting-state baseline pupil

size. This finding is novel in relation to pupillometry but is in ac-

cordance with results from other psychophysiological measurements of

the autonomic nervous system (ANS) such as heart rate variability (HRV)

(Laborde et al., 2015). As pupillary fluctuations, HRV is under the in-

fluence of the parasympathetic nervous system and linked to cognitive

functions. Individuals with higher rest HRV have been found to have

higher WMC and better cognitive control (Hansen et al., 2009; Gillie

and Thayer, 2014).

Intriguingly, findings from a recent fMRI study (Schneider et al.,

2016) showed that resting-state spontaneous pupil dilations were ac-

companied by increased activities in components of the salience net-

work (i.e., dACC and anterior insula), which is thought to be involved

in tonic alertness and arousal states. Moreover, they found that in-

creases in resting-state pupil size were also associated with increased

activity in the thalamus, and in the executive network. The authors

proposed that the pupil fluctuations might reflect arousal regulation,

indicating that participants were trying to remain alert while keeping

their gaze on the fixation point. Due to the link between the executive

network and working memory (Bressler and Menon, 2010; Curtis and

D'Esposito, 2003), higher variability in resting-state pupil size may in-

dicate that high WMC individuals in the present study show a higher

level of arousal regulation, rather than a general higher level of arousal,

compared to low WMC individuals. Nevertheless, this higher arousal

regulation could also be related to differing motivational and person-

ality traits, which would be consistent with the arousal theory of mo-

tivation (Hebb, 1955; Yerkes and Dodson, 1908). For instance, in-

dividuals with higher WMC, compared to low WMC individuals, might

possess a higher level of “need for cognition” trait, which is associated

with higher level of arousal seeking (Crowley and Hoyer, 1989).
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Otherwise, in the absence of any particular external motivational re-

quirements (i.e., under resting-state), it remains unclear what is the

reason that individuals with high WMC should allocate their mental

resources to keep a certain level of tonic activity in the LC and be in an

alert status.

What seems puzzling is that Unsworth and Robison (2015, 2017)

found a negative relation between WMC and variability in “pre-trial”

baseline pupil sizes, indicating that lower WMC scores were associated

with more variability in pre-trial baseline pupil fluctuations. The au-

thors proposed that the higher variability in pre-trial baselines be re-

lated to a more variable tonic LC activity lapses in the attentional

control, task-off thinking, task disengagement, and worse performance

in low WMC individuals when performing a task (Unsworth and

Robison, 2015, 2017). However, pre-trial baseline is different from

resting-state pupil size, which is measured before initiating the ex-

periment, whereas the pre-trial baseline pupil size is measured right

before each trial in a task, in an event-related manner. In the absence of

any active task to do, higher variability in the resting-state baseline pupil

size of high WMC individuals may provide a better index of variability

in tonic LC activity as an individual trait towards high environmental

exploration (Jepma and Nieuwenhuis, 2011) It has been argued that a

main function of the LC-NE system is to support behavioral flexibility, i.e.

the adaptation of the behavior to changes in the environment

(Devauges and Sara, 1990; Bouret and Sara, 2004; Guedj et al., 2016).

Indeed, several accounts have suggested that behavioral flexibility is at

the center of the functional role of norepinephrine in cognition (Aston-

Jones and Cohen, 2005; Bouret and Sara, 2005; Yu and Dayan, 2005).

Following these ideas, different levels of NE activity could be associated

with changes in the presence of random exploration, which would be

associated with an increased likelihood of randomly stumbling into

novel rewarding options. In structured and deterministic environments,

such as a lab context in which the experimenter has defined the reward

contingencies, behavioral choices and LC activity should optimally

follow the values of the options given. However, in an unstructured

environment, such as in a resting-state protocol where only a very

limited number of reward contingencies are explicitly defined (e.g.

fixation), it could be beneficial to explore several options, should an

unexpectedly better alternative appear.

The adaptive gain theory (Aston-Jones and Cohen, 2005) suggests

that the LC-NE system helps to optimize performance by adjusting gain.

According to Aston-Jones and Cohen (2005), the tonic mode provides a

mechanism by which the system can optimize performance in a broad

sense, i.e. independent of specific pre-defined reward contingencies, by

sampling a wide range of options and strengthening the representation

of those that lead to states with the highest value for the person. That is,

the optimal strategy under such conditions, is exploring the environ-

ment, and sampling different options until new sources of reward are

discovered. Optimal reward harvesting could potentially be associated

with a sustained high tonic mode activity (Jepma and Nieuwenhuis,

2011), as also suggested by the results of Tsukahara et al. (2016), but

could also be achieved by intrinsic fluctuations of activity. If this were

the case, one would expect that suppressing such fluctuations of activity

would inhibit behavioral flexibility. In a recent pharmacological study

with rhesus monkeys, Jahn et al. (2018), showed that systemic injec-

tions of the α2 adrenoceptor agonist clonidine, which is known to de-

crease LC activity (Kawahara et al., 1999), was causally involved in

decreasing variability in choices (i.e. increasing choice repetitions) in a

decision-making task. These results are in line with previous findings in

rats showing that enhancement of LC input to the anterior cingulate

lead to increased behavioral variation (Tervo et al., 2014).

Another possibility might be that optimal reward harvesting is

achieved through an oscillating or continuously changing pattern of

reward sampling, e.g. as transitions between exploration and ex-

ploitation (Aston-Jones and Cohen, 2005). Furthermore, such an os-

cillation might have an optimum that varies for different individuals

and WMC could be one factor that contributes to such individual

differences. Future studies with better-controlled conditions, larger

samples, and from different laboratories, will help to resolve these in-

consistent findings.
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Abstract 

Previous studies on individual differences in pupil size of healthy individuals and their 

relation to performance have been inconclusive. Using a novel approach, we tested the effect 

of general cognitive abilities and level of task performance on pretrial baseline and task-

evoked pupil (TEP) sizes (N=116) while we manipulated the level of task demands using a 

multiple object tracking task. Results did not reveal an effect of general cognitive abilities, 

estimated by working memory capacity and gF scores, on either baseline or TEP sizes. In 

contrast, we found an interaction in TEP sizes between level of overall MOT performance and 

task demands. We propose that individual differences in TEP sizes are related to state-specific 

level of task performance and task demands, probably in combination with other factors like 

age, personality traits, and state-specific level of motivation and arousal. We also suggest 

methodological confounds that may cause the previous inconclusive findings. 

 

 

Keywords: individual differences, general cognitive ability, state-specific effect, arousal, 

mental effort, pupil size, locus coeruleus- norepinephrine system 
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1 Introduction 

The neurocognitive basis of individual differences in pupil size of healthy individuals has 

remained little studied and the results have been inconclusive. Some studies have reported a 

positive relationship between indices of general cognitive abilities (i.e., working memory 

capacity; WMC, and/or fluid intelligence; gF) and baseline and/or task-evoked pupil (TEP) 

sizes (Bornemann et al., 2010; Heitz, Schrock, Payne, & Engle, 2008; Peavler & Nellis, 1976; 

Tsukahara, Harrison, & Engle, 2016; van der Meer et al., 2010). In a typical pupillometry 

paradigm, pupillary changes are often categorized as baseline (tonic) and task-evoked (phasic) 

modes (for a review, see Mathôt, 2018a). In visual experiments, the ‘tonic’ or baseline pupil 

size is often measured while viewing a screen with a uniform or neutral background and no 

meaningful stimuli to attend to other than (occasionally) a fixation point. A pre-task baseline 

pupil size can be measured before initiating or independent of an experiment, and a separate 

pretrial baseline pupil size can be measured immediately before initiating each trial; thus 

effectively constituting an event-related baseline. In the present study, the tonic pupil size 

always refers to the pretrial baseline pupil sizes. Phasic pupil size, on the other hand, refers to 

task-evoked pupil (TEP) responses measured while performing a task and therefore directly 

associated with task-related processes.  

One recent study has attracted attention since participants with higher WMC and higher 

gF had consistently larger pre-task, pretrial and task-evoked pupil sizes than those with lower 

WMC and gF (Tsukahara et al., 2016). An intriguing account for these results is that the 

visible pupil trait and the inferred construct of WMC or intelligence both refer to overlapping 

underlying neurobiological systems. That is, individuals with higher fluid intelligence may 

differ in underlying locus coeruleus norepinephrinergic (LC-NE) tonic activity from those 

with lower gF, leading to stronger functional connectivity in several brain networks (Song et 

al., 2017) in the former than the latter group. This neurobiological interpretation is based on 

previous findings showing a solid relationship between the pupil and the LC activity (Alnæs 

et al., 2014; Joshi, Li, Kalwani, & Gold, 2016; Murphy, O’Connell, O’Sullivan, Robertson, 

Balsters, 2014; Rajkowski, Kubiak, & Aston-Jones, 1994; Reimer et al., 2016; Schneider et 

al., 2016; Varazzani, San-Galli, Gilardeau, & Bouret, 2015; Yellin, Berkovich-Ohana, & 

Malach, 2015; Wilhelm, Wilhelm, & Lűdtke, 1999).  

However, there is no consensus in the psychophysiological literature that individuals with  
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higher WMC or gF do show consistently larger TEP sizes (Ahern & Beatty, 1979; Crough, 

1971, Janisse, 1977). For example, this does not seem to be the case when no monetary 

reward is offered (Heitz, et al., 2008), or when the task is not demanding enough (van der 

Meer et al., 2010). The evidence for a larger tonic pupil size in individuals with high general 

cognitive ability is also inconsistent (Aminihajibashi, Hagen, Folldal, Laeng & Espeseth, 

2019; Boersma, Wilton, Barham, & Muir, 1970; Simpson & Molloy 1971; Unsworth & 

Robison, 2015, 2017b, 2019). Recent evidence indicates that a lower WMC is accompanied 

with less variability in pupil diameter, rather than an average smaller size, in pre-task baseline 

(Aminihajibashi et al., 2019), but with greater variability in pretrial and TEP sizes (Unsworth 

& Robison, 2015, 2017b). According to Unsworth and Robison (2017a), the greater 

variability in pretrial pupil sizes of individuals with lower WMC may indicate that their LC 

tonic activity is more variable, possibly resulting in more frequent mind-wandering and lapses 

of attention, compared to those with higher WMC. 

In theoretical terms, there exist three main cognitive accounts in the literature (van der 

Meer´s et al., 2010; Ahern & Beatty, 1979) that can accommodate the existent contradictory 

findings regarding the effect of general cognitive capacities, or more specifically intelligence 

and cognitive load on task performance and pupil dilation. A schematic of these accounts is 

presented in Figure 1. According to the "resource account", individuals with high fluid 

intelligence have more resources available and can outperform normal controls but only on 

the most demanding conditions, resulting in better performance and greater TEP dilations in 

response to these conditions. This account is demonstrated in results from van der Meer and 

colleagues (2010). Instead, the "efficiency account" (Ahern & Beatty, 1979) predicts that 

highly intelligent individuals have the same amount of resources as the normal controls but 

they just use these resources more efficiently. Therefore, they typically show smaller TEP 

dilations than normal controls, even though they can outperform them. Results from Ahern 

and Beatty (1979) are consistent with this hypothesis. Lastly, the "effort account" predicts that 

individuals with high fluid intelligence generally tend to invest more cognitive resources 

across all types of tasks (for example because they may be more motivated or because they 

have differing LC activity and brain connectivity). Thus, highly intelligent individuals always 

show greater TEP dilations. This account seems in accordance with the results found in 

Tsukahara et al. (2016). A common feature of these accounts seems to be the single resource 

theory (Kahneman, 1973; Moray, 1967), which interprets the cognitively driven pupillary  
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Fig. 1. Phasic task-evoked pupil responses (TEP) as a function of cognitive capacity and 

cognitive workload predicted by three cognitive accounts.  

 

changes as reflecting the amount of allocated resources relative to a central limited cognitive  

resource. However, the multiple resource theory (Allport, Antonis, & Reynolds, 1972; Navon 

& Gopher, 1979) proposes that there are multiple channels or pools of processing resources. 

Thus, individual differences in task-driven pupil size can reflect differing capacity in task-

related resources, or as Kahneman (1973) suggested, in “local” processing “structures” in 

addition to global resources. In this case, the pattern of relationship between TEP sizes and 

individuals’ level of cognitive functioning can still be consistent with the resource, efficiency 

and effort accounts, but at the level of task performance. However, due to the well-

documented relationship between the amount of mental effort allocated to an ongoing task 

and TEP sizes (Beatty, 1982; Kahneman, 1973; van der Wel & van Steenbergen, 2018), we 

can expect effects of individuals’ level of task performance on pupil size to emerge whenever 

the task becomes demanding and differing amount of mental effort is required. Recently, 

using the multiple-object-tracking (MOT) task, Mäki-Marttunen, Hagen, Laeng, and Espeseth 

(2019) found an increased LC activity and pupil dilation with an increased load but in only 

high MOT performers. However, individuals’ general cognitive abilities were not measured in 

this study. 

Given the inconclusive empirical findings, more studies are needed to investigate the 

cognitive basis of individual differences in pupil sizes. Hence, in the present study, we 

measured both individual’s general cognitive abilities (i.e., individuals’ WMC and gF) and 

their level of task performance (using MOT task, Figure 2) along with their pretrial as well as 

event-related phasic pupil changes under different levels of task demands. An individual’s 

level of task performance can be measured by mean accuracy across different trial types and  
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task demands. MOT has been used largely to study attentional processes, its capacity 

limitations, and the neural basis of, specifically, sustained and divided (visuospatial) attention 

under different cognitive loads (e.g. Cavanagh & Alvarez, 2005; Hagen, Espeseth & Laeng, 

2018; Scholl, 2009), using pupillometry (e.g., Walle, Nordvik, Espeseth, Becker & Laeng, 

2018) or a combined fMRI and pupillometry method to MOT (Alnæs et al., 2014; Mäki-

Marttunen et al., 2019).  

To our knowledge, no study has simultaneously investigated the relationships between 

individual differences at baseline and in TEP sizes with individual differences in both general 

cognitive abilities and MOT performance across different levels of task demands or load. 

Further empirical evidence might help to reach cumulative evidence on the associations of 

task (MOT) performance, task-related phasic pupil responses and pretrial baseline of pupillary 

measures, with gf and WMC. Such an investigation seems relevant for our understanding of 

and developing better theoretical accounts related to the neurocognitive basis of individual 

differences in tonic and phasic pupil size in a broader perspective.  

Specifically, we hypothesized that if pretrial baseline and TEP sizes are related to the 

general cognitive abilities, independently or in interaction with the task demands, then we 

should find: 1) correlations between indices of general cognitive abilities (WMC and/or g 

factor) and both mean pretrial baseline and mean TEP sizes. Alternatively, according to 

Unsworth and Robison (2015, 2017a, 2017b), we should find a negative correlation between 

the CoV of pretrial baseline pupil size and WMC scores. 2) differences in mean pretrial 

baseline and mean TEP size between individuals with high and low levels of general 

cognitive abilities (i.e. those with WMC and g factor scores over and under median value), 

only when the level of task load increases.  

However, if the pupil size tracks the state-specific and task-related on-going cognitive 

processes, then individual differences in pretrial baseline and TEP diameters should be related 

to MOT performance, either independently from or interactively with task demands. That is, 

we should find 3) correlations between mean or CoV of pretrial baseline pupil size and the 

index of task performance, i.e., overall accuracy. 4) significant differences in both mean 

pretrial baseline and especially mean TEP sizes between high and low MOT performers; in 

an interaction with the level of task load. Using multiple linear regression analysis, we also 

examined whether both general cognitive abilities and overall task performance, along with 

age, can explain the variance in TEP sizes.  
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2 Method 

2.1 participants 

A Statistical Power analysis was run using G*Power tool (Faul, Erdfelder, Lang, & 

Buchner, 2007) and revealed that based on the reported effect size of fluid intelligence (gF) 

on baseline pupil size of Caucasians (r = .33, Tsukahara et al., 2016), and with a one-tailed 

alpha level of .05, a minimum sample size of 52 is required when power is set to 0.80 (with a 

two-tailed alpha, 67 participants were required). In total, we recruited 116 participants whose 

data were collected from two separate studies. Thus, our sample is well in excess of the 

needed statistical power. Having large enough sample size is important since dividing a 

sample into two groups based on median value decreases statistical power (MacCallum, 

Zhang, Preacher, & Rucker, 2002). 

First study included 75 participants (27 females; mean age = 33 years; SD = 8.4; range 

= 18-52) and was part of a behavioral genetics project in which the general inclusion criteria 

were being healthy and ethnically Norwegian, aged between 18-70 years. National statistical 

records were used to select these participants randomly and then invite them by letter. 

Volunteers were later contacted by employees at the Oslo University Hospital to be screened 

for family and medical history including neuropsychological disorders, head injury, substance 

abuse, and severe psychological disorders in their family. Volunteers who did not report any 

of these (exclusion) criteria were invited to be first interviewed and then screened for severe 

mental disorders, using the Primary Care Evaluation of Mental Disorders interview (PRIME-

MD: Spitzer et al., 1994). They were then tested with an extensive neuropsychological test 

battery, including the full-scale Wechsler Abbreviated Scale of Intelligence, WASI 

(Wechsler, 1999). Finally, participants were invited to the Department of psychology at the 

University of Oslo to perform cognitive experiments with pupillometry. All participants had 

normal or corrected-to-normal vision. All participants signed a consent form and received 

monetary compensation, but the specific purpose of task manipulations was not revealed prior 

to testing. One participant was excluded since his pupillary data were not recorded 

completely. 

In the second study, we used data collected from another group of healthy Norwegian 

participants (N =41; females, 24; Mean age= 28.31; SD = 7.31; range: 20-48). These 

participants were also part of a larger sample pool (~700) that were recruited and screened out 
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using a similar procedure as in our first study. (For a detailed description of the recruitment 

procedure, see Espeseth et al., 2012).  

 

2.2 Materials 

2.2.1 Measuring general cognitive abilities. 

An individual’s general cognitive ability is typically measured by standardized 

intelligence tests (Hunter, 1986) or estimated by use of statistically driven parameters like the 

g factor (gF, Spearman, 1904; Deary, Penke, & Johnson, 2010; Johnson, te Nijenhuis, & 

Bouchard, 2008). However, given the high correlation between measurements of WMC, the g 

factor, and fluid intelligence (Conway, Kane, & Engle, 2003; Fukuda, Vogel, Mayr, & Awh, 

2010; Kvist & Gustafsson, 2007; Kane, Hambrick, & Conway, 2005), any of these constructs 

should, in principle, constitute a reliable index of general cognitive abilities. In fact, WMC 

can be considered as a general cognitive ability construct involved in maintaining, 

manipulating and retrieving task-relevant information (Unsworth & Robison, 2017; Wilhelm, 

Hildebrandt, & Oberauer, 2013). Yet, given the relation of the pupil to attention allocation 

and its limited capacity, the WMC measures may seem better related to pupil size than to 

intelligence in general (Kahneman & Beatty, 1966). 

2.2.1.1   Working memory capacity (WMC). Individuals' WMC scores were measured 

using “Letter-Number-Sequencing” task. The task is a subtest from the Wechsler Adult 

Intelligent Scale-Third Edition (WAIS-III; Wechsler, 2003). The task consists of strings of 

unsorted numbers and letters in varying length and participants are asked to organize the 

numbers in ascending order and the letters in alphabetic order. The administration duration is 

around 3-5 minutes. The total LNS scores correlates highly with laboratory measures of 

WMC, and with a composite score of three separate operation span tasks, r= .53 (Hill et al., 

2010). It is also the most widespread measure of WM among European psychologists (Evers 

et al., 2012). 

2.2.1.2     gF. To estimate each of the participants' general cognitive abilities, in addition 

to measuring WMC, we used principal component analysis (PCA) and computed g factor 

scores based on their scores on four cognitive tests; Matrix Reasoning subtest of the scores on 

four cognitive tests; Matrix Reasoning subtest of the WASI (Wechsler, 1999), Color-Word 

Interference Test (CWIT; Delis, Kramer, Kaplan, & Ober, 2000), the Hopkins Verbal 

Learning Test (HVLT; Brandt, 1991), and a computerized version of the Posner Cuing Task   
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(Posner, 1980; Chica et al., 2014), following a similar procedure used in previous studies   

(Christoforou, et al., 2014; Haász et al., 2013). In the second study, the California Verbal 

Learning Test (CVLT; Rasmusson, Bylsma, & Brandt, 1995) was used instead of the HVLT. 

See supplementary materials, section 1, for a detailed explanation of these tests. 

2.2.2 Measuring Task Performance by Multiple Object Tracking task (MOT) 

The MOT task used in the current study was identical to the task developed by Alnæs and 

colleagues (2014). The experiment consists of two types of trials, the tracking and passive 

viewing trials. As shown in Figure 2, each tracking trial begins with presenting 10 blue disks 

and a white fixation annulus at the middle of the screen for 2.5 s. Then, some of the objects 

changed the color to red for 2.5 s to be designated as “target objects” and to be tracked. Then, 

all objects return to blue and after a 0.5 s interval, all objects begin to move around the screen 

independently and unpredictably. Blue and red objects were isoluminant (9 cd/m2, measured 

using Spyder 4, Datacolor, Lawrenceville, NJ).  

 

 
Fig. 2. The Multiple Object Tracking task. At the end of the tracking period, participants were 

supposed to select all of the target objects by clicking on the disks with the mouse. 

 
When objects got closer than 1° to each other or to the edge of the tracking area, they 

changed directions and the trajectory at random to avoid any prediction of trajectories of 

movement. To limit unintentional eye movements, in addition to using fixation point, the 

objects changed direction whenever they were within 2° vicinity of the central fixation point. 

Across trials, the number of targets varied randomly from 2 to 5, to manipulate attentional 

load (i.e. “task demands”). After 10 s, all disks stopped moving and the participants clicked  
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on the objects that they believed were the targets. In the passive viewing trials, the 

participants simply maintained fixation at the fixation annulus and they were given no other 

task. The whole experiment had 100 trials presented in four sessions with breaks between and 

it lasted about 30 minutes in total. Each run consisted of 25 trials, 5 trials per load condition 

(i.e. tracking two, three, four, and five targets) and 5 trials for passive viewing. The luminance 

value of the screen during both pretrial, passive and tracking conditions was kept same and 

equal to 60 lux measured by a LUX light meter, Standard, ST-1300. The experiment was 

created and run using MATLAB® (MathWorks, Natick, MA) and the Psychophysics Toolbox 

extensions (Brainard, 1997; Pelli, 1997; Alnæs et al., 2014).  

 

2.3 Equipment 

A binocular Remote Eye Tracking Device (R.E.D.; SMI-SensoMotoric Instruments,  

Teltow, Germany) was used in study 1 to record the pupil sizes. The R.E.D. can operate at a 

distance of 0.5-1.5 m with a spatial resolution of about 0.1 degree and measures pupil sizes in 

millimeter. The recording sample rate was 60 Hz (i.e. every 16.7 ms). Participants sat in front 

of a 47 x 29.4 cm color, flat LED monitor with a resolution of 1920 x 1080 pixels and 60 Hz 

refresh rate. Head movements were stabilized using a chin-rest that also kept the eye-to-

monitor distance constant at 57 cm. The same MOT paradigm was used in study 2, but 

pupillary diameters were recorded in pixels using a SMI monocular eye-tracker. The sample 

rate was 240 Hz and the eye-to-monitor distance was 90 cm. 

 

2.4 Procedure 

The neuropsychology tests and pupillometry experiment with MOT task were 

administered in two different days with at least two weeks distance between them. After 

signing the consent form, and finishing the calibration and validation procedures, we gave 

instructions about the experiment and the participants were specifically instructed to keep 

their gaze at all times on the white fixation point at the center of the screen while tracking the 

objects simultaneously with attention. All subjects were tested in the same, soundproof room, 

with constant environmental luminance.  

 

2.5 Data Processing 

2.5.1 Psychometric Data 
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2.5.1.1 Working memory capacity. Individuals´ WMC was measured as  

total score obtained from the Letter-Number Sequencing task. WMC Data from 7 individuals 

were missing due to technical issues. 

2.5.1.2  gF. Individuals’ gF scores were estimated using principal component 

analysis (PCA). We first ran a separate PCA on RTs obtained from four conditions of CWIT 

to create a total composite using the first un-rotated component factor scores. Then, we 

created Z scores of total RTs in Posner task and inverted both RTs in Posner and CWIT task 

to make these scores comparable with scores from the other two tasks so that higher score 

indicates better function. We also computed a sum score for the HVLT task by aggregating 

scores from the three learning and recall trials. In study 2, the same procedure was repeated 

but with CVLT instead of HVLT scores. Total composite CVLT scores were computed using 

a PCA with scores from learning, immediate and long delay parts. Finally, we ran a second 

PCA on these measures along with raw scores from MR (Matrix Reasoning) task. Scores on 

the first un-rotated principle component was used as an estimate of the gF scores (eigenvalues 

are presented in Supplementary materials, section 2). The median value of gF and WMC 

scores were used to divide individuals into two groups with high and low level of general 

cognitive abilities. We had 8 missing gF data in study 1 and 3 in study 2 due to data 

registration problems. There was overlap between 5 gF and WMC missing data. 

2.5.2 MOT Data 

To compute the mean accuracy scores, the percentage of correct responses (number of 

correctly reported targets/ number of targets × 100) were measured for each load condition 

(with 2, 3, 4, or 5 targets to be tracked) and individual. These data were used to examine the 

effect of cognitive load (number of targets) on performance. We then calculated a total 

accuracy score for each subject by averaging mean accuracies across four load conditions. 

This total accuracy score was considered as an estimate of each individual’s MOT 

performance and the median score was used to divide participants into two groups, with high 

and low levels of MOT performance respectively. We had 1 missing data due to technical 

issues. 

2.5.3 Pupillary Data 

First, we excluded data that physiologically are impossible (e.g., pupil diameters that 

exceed 9 mm; Beatty & Lucero-Wagoner, 2000). Then, linear interpolations were used to 

replace the time intervals containing blinks, beginning five samples before and five samples  
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after a blink. Interpolated data were further filtered, using the Hampel filter (Pearson, 

1999) to exclude instrumental noises (Klingner, Kumar, & Hanrahan, 2008). This 

preprocessing procedure did not influence the final results. All pre-processing of pupillary 

data was done using R (R Core Team, 2018). Analysis scripts are available from 

https://github.com/thohag/pupilParse.  

We measured different indices for the baseline and TEP sizes. Whenever we report 

that the pattern of results or the conclusion did not change, it means that the p-values below 

and above .05 were also below and above .05 when different indices were tested or when a 

different analysis was used. Any significant changes are otherwise reported.  

2.5.3.1 Pretrial baseline pupil size. After preprocessing, baseline values that were 

larger and smaller than 1.5 interquartile range (IQR, Seo, 2006) from the median were 

considered outliers and filtered out. To test our hypotheses, we calculated both the mean and 

coefficient of variation (CoV) of baseline pupil sizes. To measure the mean, the average of 

pupil size during the 300ms prior to each tracking onset was computed for each trial and 

individual. Since the scale of pupillary measurements differed in two studies, we used Z 

scores in the analyses of pretrial baseline. To compute the CoV of baselines, the standard 

deviation of mean pupil sizes (across 100 trials) was divided by the average value of all mean 

baselines for each individual, following Unsworth and Robison (2015). 

As also found in our study 1 (see Supplementary materials, section 3), baseline pupil 

size decreases over time (Tsukahara et al, 2016). We thus decided to use the mean baseline 

values from the first 25 trials in the analysis. However, when testing the hypotheses, we 

repeated the analysis with all baselines included and this did not change the pattern of results. 

Finally, the pretrial baseline, in both studies, was defined as mean pupil size during 300ms 

prior to tracking period, which was 200ms after presenting targets. This means that the 

pretrial baselines, in non-passive conditions (75% of trials), were not task-free measurements 

and could be influenced by holding the encoded targets in the WM. In fact, Results from a 

repeated measures ANOVA showed a significant effect of Load, indicating that mean 

baseline pupil size in passive condition (where no targets were designated) was smaller than 

mean baseline in all other conditions (see Supplementary materials, section 3). Although after 

controlling for the effect of age in an ANCOVA, the differences between conditions were no 

longer significant, all analyses were repeated using baselines from the passive condition. 

 

 

121



 122 

2.5.3.2  Task-evoked pupil (TEP) size.  The baseline corrected task-evoked  

pupillary responses were calculated using the divisive correction method. Since the scale 

of pupillary measurements differed in study 1 (mm) and 2 (pixel), using the percentage 

changes make the measurements from two studies comparable. That is, the mean pupil size 

during tracking period (from 2000 to 8000ms) was divided on mean pupil size during 300ms 

prior to trial onset. The result was multiplied by 100 to compute the percentage change from 

baseline. 

For the analysis of individual differences, we measured two kinds of baseline-corrected 

TEP sizes; one in response to each Load condition, i.e., tracking two to five objects (Figure 

3), and another one in response to each Load condition when all objects were reported 

correctly (referred to as TEP sizes from correct trials). While the former measurement may 

represent the effect of Load and mental effort on pupil responses independent from the 

outcome performance, the TEP sizes from the correct trials represent the effect of Load and 

mental effort required to track all objects successfully. Although sometimes the correct 

responses may just be a result of correct guessing, rather than cognitive ability or higher 

mental effort, but guessing can influence both measurements. Thus, when studying individual 

differences is of research interests, TEP sizes from only correct trials, especially at higher 

loads, may be a better index of invested mental effort. The effect of level of MOT 

performance or general cognitive abilities on both behavioral and TEP responses is expected 

to be revealed when the task becomes demanding (number of targets to track is high) and 

individuals require more effort and a higher level of attentional ability to track multiple 

targets successfully (e.g., dividing attention or shifting rapidly its focus). However, using TEP 

sizes from correct trials did not change the overall conclusions. A few differences in the 

results are reported and marked in Supplementary materials, section 8 and 10. 

 

2.6 Statistical analysis 

The standard SPSS version 25 (IBM SPSS Statistics for Windows and for Macintosh, 

Version 25.0. Armonk, NY: IBM Corp) was used to analyze the data after checking if the 

assumptions were met. When the Sphericity assumption was violated, Greenhouse–Geisser 

correction was used and reported. To control for the differences between the studies, we 

introduced a between-subjects factor in the variance analyses and partialled out its effect in 

correlational analyses. Moreover, aging is one of the factors that strongly mediate individual 

differences both in cognitive function (Glisky, 2007), in subjective cost of mental effort  
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(Westbrook, Kester, & Braver, 2013) and in pupil size (Guillon et al., 2016), as also found in 

the present study (Figure 2, Table 2 and 3 in Supplementary materials present the correlations 

of age with all variables in this study). Since the aim of present study was to investigate the 

effect of individual differences in cognitive abilities on pupil size, the effect of age on results 

was examined in the statistical analysis. 

Since dividing a sample into two groups based on median value decreases statistical 

power (MacCallum, Zhang, Preacher, & Rucker, 2002), the effect of general cognitive 

abilities (i.e., WMC and gF), and overall MOT performance on pretrial and TEP sizes were 

examined as covariates in ANCOVAs. However, to make our findings comparable with the 

previous studies, in which the median splits of WMC and gF factors were used, we also ran 

ANCOVAs with only Age as covariate and Level of WMC, Level of gF, Level of MOT 

performance, and Study as between subject factors. Results are presented in supplementary 

materials, section 9. 

In the correlational analyses, one-tailed significance level was used when we had prior 

predictions about the direction of relationships (e.g., between WMC and gF), while a two-

tailed alpha level was used when we did not have any prediction and the findings in the 

literature were inconsistent (e.g., between TEP sizes and gF or accuracy scores). Finally, we 

used JASP (v.0.9) free software (https://jasp-stats.org/) to obtain a precise likelihood estimate 

of the ’conclusiveness’ of findings with Bayesian analyses. For the correlational analysis the 

prior was based on the default JASP’s Stretched beta prior width= 1 and the fit of the data 

under the null hypothesis was compared with the fit under the alternative hypothesis. 

3 Results 

3.1 Behavioral Results 

3.1.1 Relation between WMC, gF and MOT performance  

One-tailed partial correlational analyses, in which the effect of Age and Study were 

controlled for, revealed a positive correlation between WMC and gF scores, r = .31, p < .001, 

as expected. However, neither WMC, nor gF scores correlated with overall accuracy 

(respectively, r = .04, p =.34; r = .12, p = .11). We also tested whether WMC scores 

correlated with MOT performance only when the task was demanding and subjects needed to 

track four or five objects simultaneously, but the result did not show any significant 

relationship (respectively, rload4 = .04, p = .35; rload5 = - .02, p = .41). The results from  
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correlational analyses are presented in the Supplementary materials, Table 3. The 

descriptive statistics for WMC and gF scores, along with total accuracy (ACC) in each 

respective dichotomic group is presented in Supplementary materials, Table 2.  

3.1.2 Effect of Load on MOT performance and its interaction with gF and WMC   

Mixed repeated measures ANOVAs were run with Accuracy as dependent variable, Load 

(number of targets, 2, 3, 4, 5) as a within factor, and Level of gF (low & high), Level of 

WMC, and Level of performance along with Study as between factors. We found a significant 

main effect of Load, Greenhouse–Geisser F(2.32, 241.49) = 101.45, p < .001, ηp2 = .49, main 

effect of Study, F(1, 104) = 5.51, p = .02, ηp2 = .05, main effect of level of performance, F(1, 

113) = 162, 31 p < .001, ηp2 = .59, interaction between Load and Level of performance, 

Greenhouse–Geisser F(2.73, 308,28) = 26.24, p < .001, ηp2 = .19, and a weak interaction 

between Load and Study, Greenhouse–Geisser F(2.32, 241.49) = 4.20, p < .05, ηp2 = .04.  

A one-way ANOVA showed that the mean accuracy at load 4 (p = .05) and load 5 (p = .01) 

in study 1 was higher than in study 2. Pairwise comparisons showed a significant difference 

between all Loads (all p values < .001) indicating that an increase in the level of Load (i.e. the 

number of targets) decreased accuracy. Post hoc analyses showed that high performers 

outperformed the low performers in all load conditions (all p values < .001, Supplementary 

materials, Figure 3). There was no interaction effect between Load × Level of WMC (p = 

.21), or between Load × Level of gF (p = .36, Supplementary materials, Figure 3), nor 

significant main effect of Level of WMC (p = .51), or Level of gF (p = .34). After controlling 

for the effect of Age in ANOCAVs, the main effect of Study and its interaction with Load 

were not significant (p > .3). 

 

3.2 Pupillary Results 

3.2.1 Pretrial baseline pupil sizes 

Table 1 presents the descriptive statistics for pretrial baseline pupil size in individuals with 

high and low level of WMC, gF, and MOT performance. Results from the correlational 

analysis with both baseline indices are presented in Supplementary materials, Table 2. 
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Table 1. Descriptive statistics for pretrial baseline pupil size  
 N M SD Min - Max (Range) Mean CoV (SD) 

WMC group 

Low 

High 

 

54 

53 

 

- .08 

 .03 

 

1.00 

 .98 

 

- 2.41 – 2.92 (5.33) 

-2.57 – 2.69 (5.26)                 

  

      .08 (.04) 

      .07 (.02) 

g factor  

Low 

High 

 

       51 

       52 

 

- .19 

  .06 

 

 .98 

 .98 

 

- 2.57 – 1.48 (4.05) 

- 1.61– 2.92 (4.53)                

 

     .07 (.03) 

     .08 (.04) 

MOT performance 

Low 

High 

 

56 

58 

 

- .14 

 .11 

 

1.02 

.95 

 

-.2.57 – 1.79 (4.36) 

- 1.61 – 2.92 (4.53) 

 

     .06 (.03) 

     .08 (.04) 

Note. WMC= working memory capacity, gF= g factor, ACC= overall accuracy. M= mean, 

SD= standard deviation, CoV= mean coefficient of variation. 

 

3.2.1.1    Relationship between indices of general cognitive abilities and “mean” 

pretrial baseline pupil sizes. A bivariate two-tailed correlational analysis did not show a 

significant relationship between mean pretrial baselines and WMC scores (r = .05, p = .58) or 

gF scores (r = .09, p = .37). To examine the conclusiveness of findings, we estimated the 

Bayes factor (BF10) using a Bayesian Correlation Pairs analysis. The BF10 was .17 for the 

relation with gF scores, and .14 for the relation with WMC, indicating that data would be 7.14 

times (BF01= 1 / .14= 7.14) more likely under the null hypothesis (H0) than under the 

alternative (H1). The Bayes Factor Robustness Check showed moderate evidence for the H0 

for a wide range of prior width for both relations. Since there was a negative correlation 

between mean pretrial baselines and age (r = -.34, p < .001), the age effect was controlled 

along with the effect of study, but it did not change the conclusion for the relation with WMC 

(rpartial = .14, p = .15) or with gF (rpartial = .04, p = .66). 

We also examined the main effect of load and the interaction effect between indices of 

general cognitive abilities and Load Level on mean baselines. We ran a mixed repeated 

measures ANCOVA with Load as within subject factor, Study as between subject factor and 

Age, WMC and gF scores as covariates. Results showed only a main effect of Age, F(1, 97) = 

15.17, p <  .001, ηp2 = .13. The main effect of gF (p =  .99), WMC (p = .14), and Study (p =  

.91), were not significant. Neither were the interactions between Load × Age (p = .07), Load 

× WMC, Load × gF, or Load × Study significant (p values > .71).  
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Finally, median split analyses with ANCOVAs, in which only Age was a covariate 

and the Level of WMC, Level of gF and Study were between subject factors, did not show 

significant difference in pretrial baselines between high and low WMC individuals, or 

between individuals with a high and normal level of gF (Supplementary material, section 9).  

 3.2.1.2    Relationship between indices of general cognitive abilities and “CoV” of 

pretrial baseline pupil size. We ran a one-tailed bivariate correlation analysis to investigate 

whether the lower WMC is associated with greater variability in pretrial baseline pupil size 

(Unsworth & Robison, 2015). Results revealed a significant negative relationship between 

WMC and coefficient of variation (CoV, r = -.24, p = .007; BF10 = 4.56; Figure 3, left panel). 

The Bayes Factor Robustness Check showed moderate evidence for the H1 across a wide 

range of prior widths (Figure 3, right panel).  

The relation was also significant after controlling for the effect of age, r = -.18, p = .03. 

But when “study” was also added as covariate, the relation was not significant (r = -.03, p = 

.36). Finally, as also observable in Figure 3 (left panel), there was a participant whose CoV 

value (.30) was 7.6 SD (.03) larger than the mean CoV (.07). The analysis was repeated after 

filtering out this one value, but the conclusion was the same (r = - .25, p = .004; BF10= 3.54; 

rpartial age = -.19, p = .02; rpartial age & study = -.04, p = .35). 

 

 

Fig. 3. Left: Scatter plot of working memory capacity (WMC) scores and coefficient of 

variation (CoV) of pretrial baseline pupil sizes. Right: Bayes factor robustness check plot. 

Result from a two-tailed bivariate correlation analysis did not show a significant 

relation between gF and CoV of pretrial baselines (r = .07, p = .22; BF10 = .06). Robustness 

Check showed strong evidence for the H0 for a wide range of prior widths (prior: 0-
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2). Controlling for the effect of Age and Study (r = .08, p = .44) or filtering out the outlier 

value did not change the result (r = .05, p = .30; rpartial = .01, p = .46). 

3.2.1.3    Relationship between MOT performance and “mean” pretrial baseline. 

Bivariate two-tailed correlational analysis showed a positive correlation between mean 

pretrial baselines and total accuracy (r = .24, p = .01; BF10 = 2.96) along with accuracy at 

Load 2 (r = .21), 3 (r = .22) and 4 (r = .27; all p values < .03). However, after controlling for 

the effect of Age and Study, the correlations were no longer significant (all p values > .05).  

We also examined the interaction effect between overall MOT performance and Load 

Level on mean baselines. Results from a mixed repeated measures ANCOVA with Load as 

within subject factor, Study as between subject factor, and Age along with overall MOT 

accuracy as covariates showed significant main effect of Age, F (1, 109) = 10.28, p <  .002, 

ηp2 = .09, main effect of overall MOT performance, F(1, 109) = 4.96, p = .03, ηp2 = .04, and 

interaction between Load × Age, Greenhouse-Geisser F (2.77, 301.71) = 2.80, p = .04, ηp2 = 

.02. The main effect of Load (p = .14), and Study (p = .27) were not significant, neither were 

the interactions between Load × overall Accuracy, or Load × Study, p values > .38.  

The median split analyses with the Level of MOT performance as a between subject 

factor did not show a significant difference in mean baselines between high and low MOT 

performers (Supplementary material, section 9), neither was interaction between Load and 

Level of MOT performance significant. 

 

 

Fig. 4. Left: Scatter plot of overall accuracy scores and mean pretrial baseline pupil sizes from 

passive trials, r = .32. Right: Bayes factor robustness check plot. 
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As mentioned in section 2.5.3.1, all analyses were repeated using baselines from the 

passive condition (Supplementary materials, Table 2). Using passive baselines did not change 

the relation between mean baseline sizes and the indices of general cognitive abilities. 

However, the positive relation between passive baselines and overall accuracy (r = .28, p = 

.003, BF10 =12.56; Figure 4) along with accuracy scores at load 3 and 4 (r = .31, .29; 

respectively) were still significant even after controlling for the effect of Age and Study 

effects. That is, those who had larger baseline pupil sizes performed the task better. 

3.2.1.4    Relationship between MOT performance and “CoV” of pretrial baselines.  

A two-tailed bivariate correlation analysis did not reveal a significant relationship between 

total accuracy and CoV (r = .13, p = .17; BF10 = .29). Controlling for the effect of Age and 

Study did not change the conclusion (r = .04, p = .69). The bivariate analysis was repeated 

after filtering out the outlier CoV value, but the conclusion was still the same (r = .15, p = .11; 

BF10 = .19). 

3.2.2 Task-evoked pupil (TEP) size  

Figure 5 illustrates the significant effect of Load on TEP sizes (in percentage change from 

baseline) during the tracking period (10s), Greenhouse-Geisser corrected F(2.14, 243.76)=  

85.24, p < .001, ηp2 = .43, indicating that TEP sizes increased with each increase in the level 

of Load (i.e., number of targets, all p values < .001), and after reaching a peak dilation 

(around 2s after tracking onset), it plateaued until the end of tracking period.  

 

 

Fig. 5. Pupil time series. Group averages of the pupil dilations during tracking period as a 

function of Load (N= 115). The x-axis represents the tracking period in milliseconds, y-axis 

the baseline-corrected pupil size in %. The shaded area represents SE.  

 

128



 129 

3.2.2.1 Relationship between indices of general cognitive abilities and TEP sizes 

The bivariate two-tailed correlational analysis did not show a significant relationship 

between WMC scores and TEP sizes measured in four Load conditions (all p values > .2), or 

between g factor scores and measurements of TEP sizes in any Load condition (all p values > 

.07). Controlling for the effect of Age and Study did not change the conclusions 

(Supplementary materials, Table 4). We repeated the same bivariate and partial correlation 

analysis with TEP sizes in the correct trials. The conclusions did not change (Supplementary 

materials, Table 4).  

To examine the interaction effect between indices of general cognitive abilities and 

Load Level on TEP sizes, we ran a mixed repeated measures ANCOVA with Load as within 

subject factor, Study as between subject factor and Age, WMC and gF scores as covariates. 

Results showed only a main effect of Load, Greenhouse-Geisser F(2.16, 209.12) = 5.39, p = 

.004, ηp2 = .05. The main effects of gF, WMC, and Study were not significant. Neither were 

the interactions between Load × Age, Load × WMC, Load × gF, or Load × Study significant, 

all p values > .12. Results from the median split analyses was the same (Supplementary 

material, section 9).  

3.2.2.2 Relationship between MOT performance and mean TEP size   

Partial two-tailed correlation analysis (with controlling for the effect of Age and Study) 

revealed positive correlations between TEP sizes at Load 5 and accuracy scores at Load 2 (r = 

.23), Load 3 (r = .25), Load 4 (r = .22), Load 5 (r = .23), and total ACC (r = .26). TEP sizes 

did not correlate with age, and examining these relations with bivariate correlation analysis 

did not change the conclusions. The same analyses were conducted with TEP sizes from 

correct trials. All correlational results are presented in Supplementary materials, Table 4. 

Overall, larger TEP sizes in high demanding trials (Load 5) was accompanied with higher 

accuracy in Load 2 and 3, and with higher total accuracy (MOT performance).  

A mixed design ANCOVA, with Age and overall MOT performance as covariates, 

and Study as between subject factor, revealed a main effect of Load, Greenhouse- Geisser 

corrected F(2.39, 260.45) = 9.19, p < .001, ηp2 = .08 (without covariates, the effect size of 

Load was ηp2 = .43). Pairwise comparisons indicated that TEP sizes increased significantly 

with each increase in the level of Load (all p values were < .001; Figure 6). Main effect of 

Study was also significant, F(1, 109) = 4.31, p = .04, ηp2 = .04. Pairwise comparisons 

showed that pupil sizes were larger in study 2 than in study 1 (Mean difference: 1.69%). Main 
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effects of MOT performance, F(1, 109)= .09, p = .89, and Age (p = .89) were not significant. 

Neither were the interactions between Load × Age (p = .43),  and Load × Study (p = .22). But 

the interaction between Load × overall Accuracy was significant, Greenhouse-Geisser 

corrected F(2.39, 260.45) = 19.99, p < .001, ηp2 = .15.  

The same patterns of results were found when the Level of MOT performance was used 

as between subject factor in median split analysis. A post hoc one-way ANOVA revealed that 

high performers had larger TEP sizes (N= 58, M = 9.71, SD = 4.68) than low performers (N = 

57, M = 7.00, SD = 4.40) only when the task became highly demanding, i.e.,when tracking 

five targets, F(1, 114) = 10.20, p = .002 (Figure 6). Repeated measures ANOVA run for each 

group separately showed that between Load 4 and 5 there was no significant difference in 

TEP sizes of low MOT performance group (p = .93). We repeated the same mixed- design 

ANCOVA with mean TEP sizes from correctly tracked trials. Except that the main effect of 

Load that was not significant (p = .18), the pattern of results did not change (see 

Supplementary material, section 10). 

 

 

Fig. 6. Mean baseline-corrected task-evoked pupil sizes (%) across four Load conditions. An 

interaction effect between Load and level of performance on pupil size.. Figure is made by 

pupil data from all trials included.  

 

Finally, we ran a multiple linear regression analysis with age, WMC, gF and total 

ACC scores as predictors to test if and how much these variables can predict TEP sizes at 

Load 5. Only TEP sizes at Load 5 was considered as the dependent variable because our 

results indicated that the effect of level of task performance on task-evoked pupil responses 

appears only when the task becomes highly demanding. The results of the regression 
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indicated that the model was a significant predictor of TEP sizes at Load 5, F(4, 101) = 3.25, 

p = .01, and it could explain 12% of the variance in TEP sizes (R2 =.12). But only overall 

accuracy scores could significantly predict the TEP sizes at Load 5 (b = 13.66, β = .25, p = 

.02). WMC scores (b = - .11, p = .50), gF scores (b = .79, p = .11), and age (b = - .02, p =.70) 

did not contribute to the model significantly. The same analysis was conducted with TEP 

sizes at Load 5 when all targets were tracked correctly, but the model was not a significant. 

4 Discussion 

The aim of present study was to investigate individual differences in general cognitive 

abilities (measured by WMC and general intelligence, i.e., g factor) and overall task (MOT) 

performance and their respective relationships to pupil size in healthy individuals, 

independently or in an interaction with task demands. Individual differences in pupillary 

responses are less studied and findings regarding the effect of general cognitive abilities on 

baseline and TEP sizes are inconsistent in the literature (Ahern & Beatty, 1979; Boersma et 

al., 1970; Crough, 1971; Heitz et al., 2008; Peavler  & Nellis, 1976; Tsukahara et al., 2016; 

Unsworth & Robison, 2017, 2019; van der Meer et al., 2010). The findings regarding the 

relationship between general cognitive abilities and MOT performance is also inconsistent 

(Trick, et al., 2005; Medeiros-Ward, et al., 2011; Oksama & Hyönä, 2004; Tullo, et al., 2018). 

We investigated: 1) whether mean or CoV of pretrial baseline and mean task-evoked pupil 

sizes are related to the general cognitive abilities or to the level of task (MOT) performance, 

and 2) whether such a (putative) relation depends on the level of task demands. Research 

questions were tested using pooled data from two separate studies (total N = 116) and using 

two different indices of baseline and TEP sizes along with controlling for the age and study 

effects. We also tested the results with Bayesian analyses to obtain a precise likelihood 

estimate of the ’conclusiveness’ of findings.  

 

4.1 Pretrial baseline pupil size 

In accordance with Boersma et al. (1970) and Unsworth & Robison (2017b, 2019), results 

from correlational and variance analysis did not reveal any significant effect of general 

cognitive abilities on individual differences in mean baseline pupil sizes. That is, there were 

no differences in mean pretrial baselines between individuals with a high and low (normal) 

level of WMC or gF score. Thus, our results do not support findings indicating a positive 
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relation between baseline (tonic) pupil size and independent indices of general cognitive 

abilities like intelligence and WMC (Heitz et al., 2008; Peavler & Nellis, 1976; Tsukahara et 

al., 2016; van der Meer et al., 2010). A negative finding for pretrial baseline pupil size 

differences in high WMC individuals seems consistent with our findings from measuring 

mean pre-task baseline pupil size of 212 participants in another independent study from our 

laboratory (Aminihajibashi et al., 2019). Nevertheless, we found a negative relation between 

WMC scores and CoV of pretrial baseline pupil size, consistent with Unsworth & Robison 

(2015). However, the relation was not significant when the effect of age and study were 

partialled out. According to Unsworth and Robison (2017a), the greater variability in pretrial 

pupil sizes of individuals with lower WMC, compared to those with higher WMC, may 

indicate that their LC tonic activity is more variable, which possibly increases the task-off 

thinking and lapses of attention. However, we did not find a significant relation between 

WMC scores and accuracy scores, which indicates that the negative relation between WMC 

and CoV of pretrial baselines did not influence the task performance. 

In contrast, individual differences in pretrial baselines were associated with individual 

differences in overall MOT performance. That is, larger pretrial baselines were associated 

with higher MOT accuracy. After controlling for the effect of age and study, the correlation 

between mean pretrial baseline pupil size and accuracy depended on how the pretrial 

baselines were measured. When average pretrial baselines were extracted only from passive 

viewing trials, in which there were no designated targets to be held in WM, the positive 

correlation between accuracy scores and mean baselines was significant even after controlling 

for the differences in age and study. It has been proposed that baseline pupil diameter refers to 

an overall level of task engagement (Aston-Jones & Cohen, 2005; Gilzenrat et al., 2010, 

Murphy et al., 2011) and level of arousal (Beatty & Lucero-Wagoner, 2000; Sara, 2009). 

Thus, our finding may indicate that high MOT performers were generally more aroused and 

engaged during the session. However, when the average baselines were extracted from the 

tracking trials, the correlation with accuracy was not significant after partialling out the age 

effect. This may indicate that these baselines were more influenced by holding the encoded 

targets in the WM (load) than by the level of MOT performance, because results from study 1 

showed also that these baselines increased when the number of designated targets increased to 

five. These findings also indicate that the relationship between baselines and cognitive 

abilities can be sensitive to how the baselines are defined and measured. 
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4.2 Task-evoked pupil sizes 

Similar to baselines, results from correlational and variance analysis did not reveal any 

significant effect of general cognitive abilities on mean TEP sizes or on MOT performance. 

While WMC and gF scores were positively correlated with each other, none of them had a 

significant relation with MOT performance, not even at highly demanding conditions. This is 

consistent with results from some previous studies, in which the MOT performance did not 

relate to WMC (Medeiros-Ward, et al., 2011) or to fluid intelligence (Oksama & Hyönä, 

2004). The pupil results differed from previous studies that found either a positive or negative 

relation between WMC and/or gF and TEP sizes (e.g. Ahern & Beatty, 1979; Heitz et al., 

2008; Tsukahara et al., 2016; Unsworth & Robison, 2015; van der Meer et al., 2010). Thus, 

our results cannot be explained by any of the “resource”, “effort” or “efficiency” accounts 

(Ahern & Beatty, 1979; van der Meer et al., 2010) that predict different patterns of 

relationships between TEP sizes and fluid intelligence.  

To the contrary, individual differences in TEP sizes were related to the specific level of 

cognitive abilities (most likely attentional ability) and specific level of cognitive demands in a 

specific task. That is, the group with the higher level of MOT performance showed larger 

TEP size than the other group, but only when the task was highly demanding (tracking five 

targets) and more mental effort were required. In other words, our results are consistent with 

the resource account, but at the task level, so that high MOT performers had more task-related 

resources available and both showed greater TEP dilations and outperformed low performers 

on the most demanding conditions. However, it also seems that the high performers were also 

more efficient since when the task was not demanding (in load 2 and 3), they outperformed 

the low performers without showing larger pupil sizes. Using different indices for measuring 

TEP sizes (i.e., average TEP sizes when trials were tracked correctly, and average TEP sizes 

when all trials were included) and controlling for the differences in age and study did not 

change the pattern of results. To our knowledge, the current results are the first evidence for 

an interactive effect between the level of load and level of MOT performance on TEP sizes, 

which were unrelated to the level of general cognitive abilities. 

Thus, it seems that our result is consistent with the multiple resource theory (Navon & 

Gopher, 1979), which proposes that there are multiple pools of processing resources and 

individual differences in task-driven pupil size reflect differing capacity in the relevant pool 

of resources. Alternatively, as Kahneman (1973) suggested, there is only a single processing  
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resource, and these individual differences reflect differing capacity in local, rather than 

global, processing “structures”. However, in this stage, this interpretation is speculative and 

much more empirical research is required to test these theories. If the multiple resource theory 

holds, then individual differences in pupil responses when performing dual tasks that use non-

overlapping modalities for perceptual input and motor responses should be uncorrelated.  

Future studies can investigate these cases. 

The present pupillary results also show that individual differences in TEP sizes are 

consistent with current definitions of mental effort. Shenhav and colleagues (2017) have 

recently defined mental effort as the “duration” or the “amount” of top- down active cognitive 

control that, depending on individual’s cognitive capacity and task characteristics, is required 

to mediate the attainable cognitive performances. Consistently, our findings show that under 

high load conditions (e.g., tracking 5 targets simultaneously and referring task 

characteristics), individuals with higher MOT capacity have larger pupil size (indicating a 

higher amount of mental effort or top-down active cognitive control) accompanied with 

successful performance. Moreover, TEP sizes revealed individual differences in mental effort 

that were unrelated to general cognitive abilities.  

Similarly, another recently published study from our lab (Mäki-Marttunen, Hagen, 

Laeng, & Espeseth, 2019) included both pupillometry and fMRI with a MOT task similar to 

that used in the present study. However, in addition to the level of load , the number of target-

distracting close encounters was also manipulated. Results showed that TEP sizes increased 

with an increase in the level of load but not with an increase in the number of close 

encounters, suggesting that cognitive workload and close encounters rely on different 

physiological mechanisms. Further individual difference analysis showed an increase in both 

LC activity and pupil dilation with load in both levels of close encounters, but only in high 

MOT performers. These increases were also associated with better MOT performance. These 

findings again suggest that individual differences in TEP responses are related to individual 

differences in the level of MOT capacity and in the task-related neural responses (e.g. 

increased LC activity) when the task becomes highly demanding in the level of load, but not 

in the level of close encounters. 

Effect of cognitive load on both TEP size and accuracy is also consistent with findings 

from Alnæs and colleagues (2014), which showed that with each increase in the level of load 

(number of targets), accuracy decreased while TEP sizes increased. This is also in accordance  
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with previous findings showing the effect of task demands and mental effort (or resource 

allocation) on TEP sizes (Beatty, 1982; Chiew & Braver, 2013; Hess & Plot, 1964; Just & 

Carpenter, 1993; Kahneman & Beatty, 1966; Kahneman, 1973; Laeng et al., 2011; Porter et 

al., 2002; Rondeel et al., 2015; Verney, Granholm, & Dionisio, 2001; for reviews see: 

Eckstein et al., 2017; Laeng et al., 2012; Mathôt, 2018a; van der Wel & Steenbergen, 2018). 

At neurobiological level, phasic increases in TEP sizes are driven by phasic increases in the 

LC activity, which in turn, through the release of NE, modulates task engagement, and the 

activity and connectivity in other brain areas and networks that are relevant to the current task 

(Aston-Jones & Cohen, 2005, Bouret & Sara, 2005).  

To summarize, our results suggest that individual differences in TEP sizes track 

individuals’ capacity in some of ongoing cognitive processes that are heavily recruited by the 

task at hand, especially when the task becomes highly demanding. Both the level of task 

ability and level of task demands might have modulated the amount of mental effort that were 

required or invested to perform the task correctly. As stated in the following 4.3.1 section, this 

account can accommodate also findings from other studies.  

 

4.3 Methodological differences 

4.3.1 Using similar tests for measuring general cognitive abilities and TEP sizes 

In previous studies (Ahern & Beatty, 1979; Heitz et al., 2008; Tsukahara et al., 2016; 

Unsworth & Robison, 2015; van der Meer et al., 2010), participants were divided into 

subgroups based on estimates of fluid intelligence and/or WMC; then the difference in TEP 

sizes across groups was investigated during cognitive tasks that were very similar to the 

intelligence and WMC tests that were used to test their general cognitive ability (for a 

comparison between tests used in different studies see Supplementary materials, Table 5).  

However, to investigate the relationship between general cognitive abilities and individual 

differences in baseline and TEP sizes, it would seem optimal to apply cognitive tasks that that 

are not very similar or even equal to those involved in the original gF and WM tasks. Because 

otherwise it will be difficult to dissociate the effect of task-related cognitive process, task 

engagement, and situational mental effort from the effect of general cognitive abilities. This 

dissociation is especially important if the aim is to draw speculations about the general 

functioning and connectivity of LC-NE system in individuals with high general cognitive 

abilities. 

135



 136 

Here, we used the MOT task, in which highly effective performance may rely more on 

the cognitive processes (principally sustained and divided attention) that are different from 

processes that are heavily recruited in the tasks used in the other studies (e.g., span tasks, or 

mental multiplication problems). MOT capacity seems influenced by a variety of factors 

(Alvarez & Cavanagh, 2005; Alvarez & Franconeri, 2007; Bettencourt & Somers, 2009; 

Feria, 2013; Howe & Holcombe, 2012; Howe, Holcombe, Lapierre, & Cropper, 2013) 

including individual differences in cognitive factors. For example, Trick, Perl and Sethi 

(2005) found age-related differences in MOT performance, indicating that older participants 

can track fewer independent objects compared to younger individuals There is also 

documented impaired MOT performance in patients with impaired attentional processing like 

autism (Koldewyn, Weigelt, & Kanwisher, 2013), schizophrenia (Kelemen et al., 2007) and 

unilateral neglect post stroke (Walle et al., 2018; 2019). Notably, extended practice on similar 

tasks, like playing video games (Green & Bavelier, 2006), or specific sport types (Grushko, 

Bochaver, Kasatkin, 2015; Martín, Sfer, D'Urso Villar, & Barraza, 2017; Qiu et al., 2018) can 

affect MOT performance and increases MOT’s target capacity.  

Thus, the differences between MOT task and other tests used to measure individuals’ 

general cognitive abilities might make it possible to compare the effect of general abilities vs. 

specific aspects of attentional skills on individual differences in pupil sizes. Although higher 

visuospatial working memory capacity (but not non-spatial span tasks) can also be relevant 

for MOT capability (Lapierre, Cropper, & Howe, 2017; Trick, Mutreja, & Hunt, 2012), it was 

found that this is individuals’ motivation (Medeiros-Ward et al., 2011) and, more importantly, 

attentional resources (Zhang, Xuan, & Fu, 2007) and attentional strategies (Oksama & Hyona, 

2016) that are influential factors for performance, especially at high loads (Doran & Hoffman, 

2010).  

Moreover, our index of task performance (i.e. the number of successfully tracked 

targets in 10 s) does not seem to rely on processes that are highly involved in fluid 

intelligence (like processing speed) and non-spatial WMC (like categorical and sequential 

retrieval). Congruent with this attentional account of MOT and findings from Oksama & 

Hyona (2004) study, MOT performance in the present study did not have a significant relation 

with gF or WMC scores, not even at most demanding conditions. To the contrary, Tullo and 

colleagues (2018) found a positive relation between MOT capability at high load and fluid 

intelligence (b = 0.14). However, MOT capability was indexed by the average object speed at  
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which the participant could successfully track all target objects. Considering that 

processing speed is one of the important components of fluid intelligence, it may not be 

unexpected to find a positive relation between gF and MOT capability when the average 

object speed is used to measure performance in MOT. Indeed, MOT performance at none of 

load conditions could predict verbal intelligence in their study. This suggests that what drives 

individual differences in pupil responses does not seem to be related to the differing capacity 

in the cognitive processes that are shared between MOT and general cognitive abilities, unless 

the MOT performance is measured by a specific index, like the average object speed at which 

the participant successfully track all target objects. 

In sum, in the first glance, our pupillary results seem inconsistent with previous findings. 

However, considering the high similarity between psychometric tests and the cognitive tasks 

used in pupillometry session of these studies, the effect of general cognitive abilities on 

individual differences in baseline and TEP sizes can, indeed, be considered as an effect of 

task performance. Then, in accordance with our findings, the larger TEP sizes in high IQ 

and/or high span individuals under cognitively demanding conditions might also refer to the 

effect of level of task performance on pupil size (Heitz et al., 2008; Tsukahara, Harrison, & 

Engle, 2016, Unsworth & Robison; 2017, van der Meer et al., 2010).  

4.3.2 Using different tests for measuring intelligence and WMC 

Another issue that may lead to the discrepancy in findings is that the relationship between 

the average pupil size and general cognitive abilities is sensitive to the characteristics of the 

specific tests that are used. For example, while we used LNS to measure WMC, an 

“operation- span task” and three “reading-, operation- and symmetry- span tasks” were used 

in, respectively, Heitz et al. (2008), and Tsukahara et al.’s (2016) study. These span tasks are 

more complex (Conway et al., 2005) than LNS, because they require a concurrent 

information-processing like solving a mathematical equation. However, LNS and these span 

tasks belong to the same class of executive-functioning WM tasks (Perry et al., 2001). 

Moreover, LNS has a high correlation (r = .53) with a composite score of three separate span 

tasks (i.e., automatic operation span task, listening span task, modified lag task; Hill et al., 

2010), it is the most widespread measure of WM among European psychologists and is 

considered as a reliable index of WMC (Evers et al., 2012). We note that Tsukahara and 

colleagues (2016) found that high WMC participants had about 1 mm larger baseline and 

task-evoked pupil sizes than their low WMC participants. Therefore, it is unlikely that using  
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WMC tests with a different level of sensitivity can have an influence on the presence, 

rather than the degree, of the relationship to the pupil size. More importantly, and similar to 

our results, Unsworth and Robison (2019), using similar (operation, symmetry, and reading) 

span tasks, did not find a correlation between WMC and average or variability of resting-state 

baseline pupil sizes.  

It is also noteworthy that Tsukahara et al. and Heitz et al. both used span tasks, but unlike 

Tsukahara et al.’s results, in Heitz et al.’s (2008) study, the TEP size of high span individuals 

were larger than low span individuals only when reward and feedback was added to the 

experimental design and in one high memory load condition (i.e., when recalling 6 items). 

This result was replicated in Unsworth and Robison (2015) study, where they used a change 

detection task both to estimate individuals’ WMC and to measure pretrial and TEP sizes. 

However, there was no significant relationship between mean pretrial baselines and the 

estimate of WMC (k), and the effect of WMC on TEP sizes emerged only when the number of 

items were above 5. Altogether, it is doubtful that differences in the measured ‘construct’ 

between these tasks caused our results.  

Similarly, different methods and tests have been used to measure participants' fluid 

intelligence (see Supplementary materials, Table 5). While we did not find an effect of 

general intelligence on baseline or TEP sizes, van der Meer and colleagues (2010) found 

effect of group (h-IQ vs. a-IQ) on pretrial baselines only in a choice reaction time task 

(referred to as easy task), and the main effect of group on TEP sizes only in their more 

difficult task (geometric analogies). Further analysis revealed that the groups differ in TEP 

sizes only in the most difficult condition of task (η2 = .25). However, Tsukahara and 

colleagues (2016) found constantly larger baselines (d = 1.07) in high intelligence group and a 

Load * Cognitive ability interaction effect on TEP sizes, indicating that more intelligent 

individuals had larger TEP sizes when memory load increased over 8 items. Finally, Ahern 

and Beatty (1979) found that the more intelligent individuals had always (over three task 

difficulty levels) smaller pupillary responses than the lower scoring individuals.  

Again, it is doubtful that all these discrepancies can be explained by differences in the 

measured ‘construct’. Scores on WMC, fluid intelligence, and g factor have been found to 

correlate highly with each other (Conway et al., 2003; Fukuda et al., 2010; Kane et al., 2005; 

Kvist & Gustafsson, 2007).  Therefore, any of these constructs should constitute a reliable 

index of general cognitive abilities. Considering the relatively strong effect sizes reported in  
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the mentioned studies, using different tests to measure general cognitive abilities should only 

have an influence on the degree of the relationship, not on the presence of it. However, WMC, 

fluid intelligence and g factor are not identical constructs (Choi et al., 2008). Therefore, it is 

still possible that the relationship between baseline and task-evoked pupil size and general 

cognitive abilities is complex and possibly sensitive to the characteristics of the tests.  

4.3.3 Differing characteristics of the samples 

Another reason for discrepancy and our negative findings may be that we did not have 

sufficient variability in WMC and gF scores in our sample. To evaluate whether our results 

are comparable to those of the previous studies, we examined the descriptive information in 

our and previous studies. Mean, standard deviation and range of scores are presented in 

Supplementary materials, Table 6. The variability in WMC  and gF scores in our sample, 

although seemingly compressed, was comparable to variability in other studies. However, we 

remind that different tasks have been used in the different studies, and this may have an effect 

on how comparable the variability of measurements across studies are.  

Other demographic characteristics of the samples like age range of participants, cultural 

differences, personality traits and being student or not may also lead to differing level of 

motivation, arousal and pupil size, especially in individuals with high level of WMC and 

intelligence, compared to those with low (normal) capacities, especially in competitive 

situations like in educational settings, where task engagement and giving a good impression is 

highly valued. While participants in the current study were all ethnically Norwegians between 

the age of 18-52, participants in previous studies were mostly students between the age of 18-

35 and from the USA. We note that American students, compared to European ones, 

apparently are used to participate routinely to cognitive testing, therefore they may have quite 

good metacognition of their abilities and be more engaged (volitionally), especially for those 

with higher capacities. Indeed, while testing for the effect of “familiarity with the 

environment”, Tsukahara and colleagues (2016) found a significant relationship between 

being a college student and baseline pupil size (r= .28, b= .60).  

Several studies have reported the motivational influences on WMC, pupil size and LC 

activity (Aston-Jones & Cohen, 2005; Bouret, Ravel, & Richmond, 2012; Chiew & Braver, 

2011 & 2014; Heitz et al., 2008; Hofmeister & Sterpenich, 2015; Krawczyk & D’Esposito, 

2013; Szatkowska et al., 2008). Motivational factors (for example, due to the differences in 

compensations for their participation) may induce different levels of task engagement and  
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motivation to achieve and, in turn, increase arousal in these individuals. Interestingly, the 

mean pretrial baseline pupil size of the low WMC individuals (M =~ 5.7mm) in both previous 

studies (Heitz et al., 2008; Tsukahara et al., 2016) appeared to be 1.5 mm larger than the mean 

pupil size of low WMC individuals (M= 3.96) in our sample. Hence, future studies on the 

current issues should include participant populations that are different from the standard 

North American University samples. 

Personality traits can also mediate the relation between cognitive abilities and (baseline) 

pupil sizes, leading to discrepancy in results (Anderson, Colombo, & Unruh, 2013; Liakos & 

Crisp, 1971; Simpson & Molloy, 1971; Stelmack & Mendelzys, 1975; Yechiam & Telpaz, 

2011; but also see Unswroth & Robison, 2019). For example, a recent study (Karpinski et al., 

2018) found that high intelligence is a risk factor for psychological and physiological 

overexcitabilities, accompanied with a higher level of psychological disorders like anxiety 

and hyperactive sympathetic nervous system among highly intelligent individuals. Most 

interestingly, a trait like high need for cognition was associated with considering mental effort 

as highly rewarding (Inzlicht, Shenhav, & Olivola, 2018), which, in turn, leads to larger pupil 

size due to higher arousal level and motivation for task engagement and effort exertion, 

especially when tasks become highly demanding and in individuals with higher task related 

abilities. 

5 Conclusion 

Based on our findings, we propose that individual differences in task-evoked pupil 

sizes are related to differing level of cognitive abilities, but this occurs at the level of task-

related neurocognitive processes rather than of the general cognitive abilities. Moreover, these 

effects are modulated by level of task demands and probably a host of factors like age, 

motivation, autonomic arousal level and, perhaps, personality traits. However, since we did 

not find any significant difference between individuals with high and low WMC/gF, it is 

unlikely that individual differences in TEP sizes were related to the general motivational 

traits. Rather, it seems that some situational and task-specific triggers of motivation and 

mental effort are determinant factors in individual differences in pupil size. That is, high 

effort in cognitive tasks could be engaged in those with high task capacity only in highly 

demanding situations (i.e., tracking 5 targets) and, perhaps, only if they get motivated (either 

by the intrinsic characteristics of the task and/or by other situational factors) and engaged with  

140



 141 

the task. Further research with different samples and different indices of general, non-

overlapping, cognitive abilities, along with objective motivational level measurements may be 

required to elucidate the relationship between individual differences in pupil size and 

cognitive general or specific abilities. Refining the neurocognitive basis of individual 

differences in pupil size can have important implications for understanding and interventions  

of neuropsychological disorders. 
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The Effects of Cognitive Abilities and Task Demands on Tonic and Phasic Pupil Sizes 

Supplementary material 

 

1- Materials used to estimate participants' general intelligence (g factor) 

The “Matrix Reasoning” (MR) subtest of the WASI (Wechsler, 1999) estimates an 

individual's fluid and reasoning abilities. The WASI is a short form of WAIS-III (Wechsler, 

1997) and was developed to help clinicians and researchers to screen and/ or estimate 

individuals´ general intellectual functioning fast but still reliably. It has very good reliability 

and validity and correlates highly with WAIS-III and with other short forms intelligence 

scales. The WASI MR test consists of 35 different items presenting incomplete visuospatial 

patterns and requires participants to select a pattern among five alternatives that complete the 

pattern. The test was found to be sensitive to the effects of clinical disorders on cognitive 

abilities (Ryan et al., 2005). 

The “Color-Word Interference Test” (CWIT; Delis et al., 2000) measures the processing 

speed and inhibition ability and consists of four conditions. The time used to perform each 

condition will be measured. In the first condition, participants were asked to name, as fast and 

accurate as possible, the color of patches that are shown on a white surface. The colors can be 

red, blue or green. In the second condition, they were asked to read, as fast and accurate as 

possible, the name of three colors (red, green and blue) written in black ink on a white 

surface. In the third condition, three color words were written by an incongruent ink color 

(e.g., blue was written by red ink). Participants were supposed to ignore the written color 

word and name the ink color by which the color words were written. In the last condition, 

participants should switch between either naming the ink color and inhibiting the more 

automatic response of reading the written word, or reading the written color word only if it 

was written inside a rectangular box. The last two conditions are more demanding and require 

more time to be finished. 

The “Hopkins Verbal Learning Test (HVLT; Brandt, 1991) measures the ability of verbal 

learning and memory. The task consists of three consecutive list learning and free recall trials, 

where each trial composes 12 words that belong to one of three semantic categories. These 

trials are continued by a recognition trial in which the presented words will be shown along 

with 12 new distractor items. The test was found to have similar reliability (test-retest 

correlations) as other verbal memory tests like the California Verbal Learning Test (CVLT; 

Rasmusson, Bylsma, & Brandt, 1995). In the second study, The CVLT test was used instead 

149



 150 

of HVLT. The CVLT also measures episodic verbal learning and memory. It consists of 

recalling and recognition of two lists of words. Both lists includes 16 words, but the 

examinee is asked to recall the list A over five trials while the list B is administered after 

List A once and consists of words that did not exist in list A. An immediate (short-delay) 

free recall and cued recall of List A are administered after List B followed by a 20-min 

delay recalls. Finally, a recognition task is administered in which participants are presented 

with a 44-word list and are asked to indicate whether they have heard the word before or 

not. 

Finally, the “Posner cueing Task” (based on Posner, 1980) measures individuals’ ability 

to shift their visuospatial attention covertly (McDonald, Bennett, Chambers, & Castiello, 

1999, for a review see, Chica, Martín-Arévalo, Botta, & Lupiánez, 2014). In our custom-made 

computerized Posner task, we manipulated both cue’s validity (180 out of a total 300 trials 

(60%) were valid) and Stimulus Onset Asynchrony (SOA, having 800ms and 1300ms SOAs 

with equal frequency). There were four types of trials. In invalid trials, in contrast to valid 

ones, the target letter (either a black A or Q letter) is presented on a place opposite to that 

indicated by the cue. In neutral trials, cue showed that target can appear in any place. Finally, 

in uncued trials, participants did not receive any cue and target could appear in any of the four 

places. The task was to identify the target and press, as fast and accurate as possible, the 

corresponded button on the response box regardless of where the target was presented in. The 

median total response times (RT) were computed for each participant. Trials with incorrect 

responses and RTs faster than 250ms were excluded.  

 

2- Eigenvalues from Principal Component Analysis to estimate gF scores 
 

Table 1. Eigenvalues from PCA in Study 1 (left Table) and in study 2 (right Table) 
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3- Effect of Time and Load on pre-trial baseline pupil sizes 

It is known that baseline pupil size decreases over time (e.g., Tsukahara et al, 2016). It 

takes half an hour to perform the whole MOT experiment used in this study. We tested the 

effect of time on baselines in study 1 with a repeated measures ANOVA. Results showed that 

there was a significant difference between baseline pupil diameters across four sessions of 

experiment, Greenhouse-Geisser corrected F (1.61, 112.52) = 7.32, p = .002, ηp2 = .09, 

indicating that mean baseline pupil diameter was significantly larger in first session (M = 

4.11, SD = .07) than in third (M = 4.03, SD= .07) and fourth (M = 4.01, SD = .08) sessions 

(see Supplementary Figure 1, right panel). 

 

 
Fig. 1. Right: Mean pretrial baseline pupil size across four sessions of MOT experiment in 
study 1. Left: Mean pre-trial baseline pupil size (in mm) across five load conditions in study 
1. Load 0: task-free, passive pre-trial baseline pupil size Error bars show +/- 1 SE. 

 
We thus decided to use the mean baseline values from the first 25 trials in the analysis. 

However, when testing the hypotheses, we repeated the analysis with all baselines included 

and this did not change the pattern of resultsResults from a repeated measures ANOVA also 

showed a significant effect of Load, Greenhouse-Geisser corrected F(2.70, 196.88)= 15.73, p 

< .001, ηp2 = .17, indicating that mean baseline pupil size in passive condition was smaller 

than mean baseline in all other conditions, p< .01 (see Supplementary Figure 1, left panel). 

 
 
4- Effect of age on accuracy  

Results from a one-way ANOVA, with level of performance (high and low ACC) as a 

between factor and age as dependent variable showed that there was a significant difference in 

mean age between individuals with low (N = 56, Mean age = 33.45, SD= 8.25) and high (N =  
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57, M age = 29.21, SD = 7.92) level of MOT performance, F(1, 112)= 7.82, p = .006. A 

to-tailed correlational analysis also showed a negative relation between age and total accuracy 

(r= -.33, p< .001), along with ACC at Load 3 (r= - .24, p= .01), ACC at Load 4 (r= - .34, p< 

.001) and Load 5 (r= -.37, p< .001). Correlation between age and ACC at load 2 was not 

significant (r= -.15, p= .10), showing that elder people had lower accuracy only when task 

became demanding (Supplementary Figure 3). Moreover, the age distribution was not skewed 

(.35). Therefore, the analysis was repeated while the effect of age was controlled for. 

Two two-way mixed repeated measures ANCOVAs were run with Accuracy as 

dependent variable, Load (number of targets, 2, 3, 4, 5) as a within factor, and either Level of 

gF (low & high) or Level of WMC as between factor, and Age and Study as the covariates. 

Results revealed only a significant interaction effect between Load × Age on ACC, F(3, 312) 

= 7.12, p < .001, ηp2 = .06, indicating that the effect of Load on ACC was age-dependent. 

Similar to results from ANOVA (section 3.2.1 in the main manuscript), the main effect of 

Level of WMC (p = .46) was not significant, neither was the main effect of level of gF (p = 

.98). There was no interaction effect between Load × Level of WMC (p = .47), or between 

Load  × Level of gF on ACC (p = .33). 

 

 

 
Fig. 2. Scatter plot of total accuracy, accuracy at load 4 and load 5, and age 
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5- Effect of Load on accuracy 

 
 

 
Fig. 3. Accuracy as a function of Load and level of WMC (Upper plot), level of g factor (gF; 

Middle plot), and level of performance (Bottom). Error bars show +/- 1 SE. 
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6- Relation between WMC, gF and MOT performance  

Table 2. Descriptive statistics for behavioral results 

 N    M   SD Min - Max (Range) Total ACC% (SD) 

WMC group 

High 

Low 

 

54 

55 

 

16.39 

11.60 

 

 2.10 

 1.89 

 

   14 – 22 (8) 

  6 – 14 (8) 

  

87 (9) 

87 (9) 

g factor  

High  

Low  

 

53 

52 

 

  .79 

- .79 

 

 .62 

 .62 

 

  - .01 –  2.12 (2.13) 

  - 2.6  –  - .04 (2.61) 

 

88 (9) 

86 (9) 

Total MOT ACC % 

High 

Low 

 

58 

57 

 

  93 

  80 

 

3 

7 

 

   89 – 100 (11) 

   53- 89 (36) 

 

 
Note. WMC= working memory capacity, gF= g factor, ACC= overall accuracy. M= mean, 
SD= standard deviation, CoV= mean coefficient of variation  
   

7-  Relationship between indices of pretrial baseline pupil size and WMC, gF, and ACC 

Table 3. Results from correlational analysis. 

 ACC 2 ACC 3 ACC 4 ACC 5 Total ACC Age gF WMC 

25 first 

baselines 
.21* .22* .27* .16 .24* -.33* .09 .05 

Passive 

baselines 
.21* 

.31* 

.26** 

.29* 

.21** 
.19* 

.28* 

.21** 
-.35* .07 .05 

CoV  .11 .03 .20* .25* .18 -.27* .08 -.23* 

Age -.15 -.24* -.34* -.36* -.32* 1.00 -.15 .25* 

 
Note. All cells represent Pearson coefficients (r). Significant bivariate correlations are marked 
by *. Significant partial correlations (controlling for the effect of Age and Study are marked 
by **. Significant p values were all <.05. ACC 2: accuracy at load 2. Passive baselines: mean 
baseline pupil size from passive (task-free) trials. CoV: coefficient of variation of all pretrial 
baseline pupil sizes. All CoV scores were included in the reported Pearson coefficients in the 
Table. After filtering out the outlier value, only the relation between CoV and ACC at load 5 
(r = .19) along with the relation with WMC were significant (r = -.25). The later relation was 
also significant after controlling for the effect of age (r = - .19), but not when the effect of 
study was also controlled for (r = -.04). 

154



 155 

8- Relationship between indices of TEP size and WMC, gF, age and ACC 

Table 4.  Results from partial correlational analysis.  

 ACC 2 ACC 3 ACC 4 ACC 5 Total ACC gF WMC Age 
Total ACC .75* .90* .94* .91* 1,00 .10 .04 -.32* 

gF .20* .04 .03 .12 .10 1,00 .32* -.15 

WMC -.07 .06 .03 .08 .04 .32* 1,00 .25* 

TEP 2 -.05 -.10 -.14 -.13 - 12 .11 -.005 .05 

TEP 3 .02 -.03 -.10 -.09         -.07 .11 -.01 -.01 

TEP 4 .09 .08 .04 -.002 .05 .10 -.01 -.09 

TEP 5 .23* .25* .22* .23* .26* .18 -.03 -.12 

TEP 2, CR -.07 -.12 -.14 -.14 -.14 .09 - .01 .07 

TEP 3, CR -.01 -.02 -.08 -.07 -.06 .09 -.01 .02 

TEP 4, CR .10 .06 .06 .06 .08 .19 .05 -.03 

TEP 5, CR .30* .19* .17 .06 .20* .15 .05 -.13 

 
Note. All cells represent Pearson coefficients (r) after controlling for the effect of Age and 
Study. Significant correlations are marked by *, and p values were all =< 0.05. ACC 2: 
accuracy at Load 2, TEP 2: mean task-evoked pupil sizes at Load 2, TEP 2, CR: mean task-
evoked pupil sizes at Load 2 from only correct trials. One-tailed p values were used in the 
analyses that we had prior predictions about the direction of relationships (e.g.., between 
WMC and gF) while two-tailed p values were used when we did not have any prediction and 
the findings in the literature were inconsistent (e.g., between TEP sizes and WMC, gF or 
ACC scores).   
 

9- Median split analysis 
 

Relationship between indices of general cognitive abilities and “mean” of pretrial baseline 

pupil size. To make our findings comparable with the previous studies, in which median splits 

were used, we ran another ANCOVAs with only Age as covariate and Level of WMC, Level 

of gF and Study as between subject factors. Results showed that there was no significant 

difference in pretrial baselines between high and low WMC individuals, F(1, 103) = .77, p = 

.38, ηp2 = .007; BF10 = .23, or between individuals with a high and normal level of gF, F(1, 
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98) = .66, p = .42, ηp2 = .007; BF10 = .52, although the difference in gF scores between 

individuals with a high and normal level of gF was significant, t(1,101)= -9.91, p < .001, 

Cohen’s d= 2.55. Results did not show a significant difference in pretrial baselines between 

individuals with a high and normal level of gF either, F(1, 98) = .66, p = .42, ηp2 = .007; BF10 

= .52, although the difference in gF scores between individuals with a high and normal level 

of gF was significant, t(1,101) = -9.91, p < .001, Cohen’s d = 2.55.  

 

Relationship between MOT performance and “mean” pretrial baseline. Results did not 

show a significant difference in mean baselines between high and low MOT performers, F(1, 

109) = .70, p = .46; BF10 = .48, even though there was a significant difference in accuracy 

between high and low MOT performers, t(1,113)= -12.74, p < .001, Cohen’s d = 2.41. The 

interaction between Load and Level of MOT performance was non-nsignificant either, p= .55. 

 

Relationship between indices of general cognitive abilities and TEP sizes. Finally, to make 

our findings comparable with other studies, in which median splits were used, we ran another 

ANCOVAs with only Age as covariate and Level of WMC, Level of gF and Study as 

between subject factors. Results showed that only main effect of Load, Greenhouse-Geisser 

F(2.14, 220.25) = 17.47, p < .001, ηp2 = .14, and the interaction between Load * Age, 

Greenhouse-Geisser F(2.14, 220.25) = 3.46, p < .03, ηp2 = .03 were significant.  

The main effect of Level of WMC and Level of gF, along with the interactions between Load 

and Level of indices of general cognitive abilities were not significant, all p values > .26. 

 

10- Relationship between mean TEP sizes and indices of general cognitive abilities 
 

 
Fig. 4. a. Mean pupil change from the baseline (%) across four Load conditions. Low WMC= 
individuals with a normal level of WMC score (bellow the median value). Low gF = 
individuals with a normal level of g factor score. High gF= individuals with high level of g 
factor score (above the median value). Figures are made by pupil data from all trials included.  
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11- Relationship between MOT performance and mean TEP size from correct trials 

 
Results from an ANCOVA revealed a significant interaction between Load × Level of 

ACC, Greenhouse- Geisser corrected F(2.60, 241.67) = 3.31, p = .03, ηp2 = .03 

(Supplementary materials, Figure 5). The main effect of Load was also significant when only 

the age effect was pulled out (, p < .001, ηp2 = .35). 

A post hoc one-way ANOVA did not reveal a significant difference between high and 

low MOT performers, all p values > .05. Repeated measures ANOVA run for each group 

separately showed that in TEP sizes of low MOT performance group, there was not a 

significant difference in TEP sizes between Load 3 and 4 (p= .06), and Load 4 and 5  (p= .35). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Mean baseline-corrected task-evoked pupil sizes across four Load conditions. 
ACC: accuracy. Figure is made by pupil data from correctly tracked trials. 
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12- Table 5. Comparison between tests used in different studies. 

 
General cognitive ability tests Cognitive tasks used in pupillometry 

 

Ahern & Beatty, 1979 

SAT 

Consists of four sections: 
Reading, Writing, and 2 Math 
(with and without a calculator) 

 

 

Mental multiplication problems 

With three levels of difficulty 

 

Heitz et al., 2008 

Operation-span task 

Recalling all words presented in 
strings of 2 to 5 operation-word 

pairs in a correct order 
 

Reading-span task 

Recalling all letters presented in 
strings of 2 to 7 sentence-letter pairs 

 

Tsukahara, et al., 2016 
WMC: 

operation, reading, & 
symmetry span tasks 

 
gF: 

RAPM, Letter sets, 
Number series 

Simple Letter span task 

Recalling a varying series of 
presented letters in the correct order 

 

Unsworth & Robinson, 2015 

 

Change detection task 

Remembering the color of  
1 to 8 colored squares  

 

 

Change detection task 

 

 

van der Meer et al., 2010 

 

RAPM 

Evaluating the relation in  
visual geometric designs  
to find the missing piece 

 

Choice reaction time task 

whether the dot was presented to 
the left or right of the vertical line 

 
Geometric analogy task 

Relation evaluation in pairs of 
geometric chessboard-like patterns 

 
 

 

Present study 

LNS 

Organize varying length of 
number and letter strings in 
ascending alphabetic order 

 
g Factor 

Latent factor estimated by scores on 
MR, CWIT, HVLT, and Posner tasks 

 

 

MOT 

(sustained & divided attention) 
Simultaneously tracking of  

2-5 targets in 10s 
 

 

SAT: Scholastic Aptitude Test; RAPM: Raven Advanced Progressive Matrices; LNS: Letter- 
Number Sequencing; MOT: Multiple Object Tracking Task; MR: Matrix Reasoning subtest 
of the WASI; CWIT: Color-Word Interference Test; HVLT: Hopkins Verbal Learning Test. 
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13- Table 6. Descriptive information of WMC and g factor scores in our and previous studies.  

 
 N WMC General Intelligence 

  M SD Range M SD Range 

Present study 75 14.91 2.61 9 - 22 (13) .0093 1.01 - 2.65 –  2.12 (4.77) 

Tsukahara et al. 337 nr nr nr - - -2 – 2 (4) 

Van der Meer et al. 37 - - - 117.5 16.9 102.6 – 133.1 (30.5) 

Heitz et al. 60 15.2 3.75 6.2 - 24.2 (18) - - - 

Unsworth & Robinson 73 3.22 1.03 nr - - - 

 
Note. The range of WCM scores was not reported (nr) in Tsukahara et al.’s (2016) study. The 

reported range of gF scores is based on information in Figure 5 illustrating the correlation 

between fluid intelligence (gF) and baseline pupil size. Tsukahara et al.’s (2016) study 

included three studies with different sample sizes (N), respectively, N1= 40, N2= 114 (N1 and N2 

were selected as extreme groups from a larger subject pool) and N3= 337 (Caucasians N= 62). 

The total sample size in Heitz et al. (2010) study was 170, again selected as extreme groups 

from a larger pool with 3000 subjects. This sample size was divided into 3 groups (60, 60, 50) 

with similar mean (M) and, standard deviation (SD) in WMC scores. Although the range of 

WMC estimate was not reported in Unsworth and Robinson (2015) study, scores of skewness 

and kurtosis were, respectively, -.15 and -1.05, indicating thinner tails than a normal 

distribution. 
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Abstract 

Measuring task-evoked pupillary (TEP) responses as an index of phasic activity in the locus 

coeruleus (LC), we examined two competing hypotheses regarding the alerting and orienting 

mechanisms of attention. According to a dual mechanism account (Fernandez-Duque 

and Posner, 1997), two separate noradrenergic and cholinergic mechanisms modulate, 

respectively, the alerting and orienting effects. However, Corbetta and colleagues (2008) 

proposed that LC phasic activity may also be involved in orienting effect through its 

functional relationship with the ventral attentional network. We recruited seventy-five healthy 

Norwegian participants to perform a Posner cueing task. Both behavioral and pupillary 

responses revealed the alerting effect. Also, both behavioral and pupillary responses indicated 

that cued attention is affected by age. Behavioral responses also revealed orienting effect 

However, we found no TEP differences between valid, invalid and neutral conditions, 

suggesting that TEP effects were driven by the alerting effect of cue presentation. Moreover, 

both behavioral and pupillary estimates of alertness and orienting were uncorrelated. Finally, 

individual differences in general cognitive abilities did not appear to affect the orienting and 

alerting mechanisms. This pattern of results is consistent with the dual mechanism account of 

attention. However, the LC involvement in the (re)orienting attention may be driven by state-

specific factors. 

Keywords: Task-evoked pupil size, visuospatial attention, cognitive abilities, locus 

coeruleus-norepinephrine system, Posner cueing task. 
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1 Introduction 
The locus coeruleus norepinephrine (LC-NE) system is a small subcortical nucleus 

composed of noradrenergic (norepinephrine, NE) neurons, which projects to the majority of 

brain areas, including the whole cortex (Sara, 2009) and modulates cognitive processes. 

Researchers distinguish two polarities of its activity, known as the tonic and phasic modes 

(Aston-Jones and Cohen, 2005). The LC tonic (sustained) activity appears to regulate arousal 

and transitions between behavioral states, i.e. wakefulness, alertness, exploration, or stress 

(Hofmeister and Sterpenich, 2015). The phasic mode is characterized by bursts of high-

frequency neuronal discharge in response to relevant external or internal stimuli. Several 

hypotheses are proposed to explain the role of LC activity in the regulation of changes 

between behavioral and brain states (e.g. Aston-Jones and Cohen, 2005; Bouret and Sara, 

2005; Yu and Dayan, 2005, Corbetta et al, 2008; Reimer et al., 2014; Shine et al., 2018). A 

common view is that the phasic LC activity modulates the goal-directed attentional processing 

and behavioral performance (Hofmeister and Sterpenich, 2015). However, compared to other 

neuromodulators (e.g. dopamine and acetylcholine), the role of the LC-NE system in sub-

components of visuospatial attention is less understood (Noudoost and Moore, 2011). There 

are two competing accounts regarding the role of LC-NE in spatial attention. 

Posner and Boies (1971) divided the attentional system of the human brain into three 

separate but interacting neural networks that are now termed as: alerting (readiness for 

incoming event), orienting (shifting one’s focus) and executive (conflict resolution; Callejas et 

al., 2004; Fan et al., 2009, 2002; Petersen and Posner, 2012; Posner and Peterson 1990; Raz 

and Buhle, 2006; Reuda et al., 2004). According to “dual mechanism account” (Fernandez-

Duque and Posner, 1997), which has support from both pharmacological, animal and human 

studies (Petersen and Posner, 2012), the “alerting” network is modulated by the locus 

coeruleus’ norepinephrine (LC-NE) system, whereas the “orienting” system is modulated by 

cholinergic signals (Petersen and Posner, 2012; Coull et al., 2001; Witte and Marrocco, 1997). 

Corbetta and Shulman (2002), however, divided the attentional system into two other 

interacting networks, known as the dorsal network, which is activated by our current 

expectations in a top-down manner, and the ventral network, which is driven in a bottom-up 

manner to reorient the attention towards significant events that, spatially or temporally, appear 

unexpectedly (Fan, et al., 2009; Vossel et al., 2014). Later, Corbetta, Patel, and Shulman 

(2008) proposed that the main role of LC phasic activities is to facilitate adaptive responses  
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by triggering a functional shift of activity between dorsal, goal-driven and ventral, stimulus-

driven attentional networks. That is, the LC phasic activity may also be involved in 

reorienting of attention through its functional relationship with the ventral attentional 

network. Here, we refer to this view as the “singular account”.  

Here, we test the dual and singular accounts of LC phasic activity involvement in 

alerting and orienting components of visuospatial attention using pupillometry and a self-

developed version of the Posner cueing identification task. That is, we investigated whether 

pupillary responses indicate involvement of LC’s phasic activity also in the reorienting of 

attention (Corbetta and colleagues, 2008), or they only implicate the involvement of 

noradrenergic modulation in the alerting mechanism, as the dual mechanism account proposes 

(Fernandez-Duque and Posner, 1997). Moreover, we investigate if individual differences in 

the level of general cognitive abilities (i.e., working memory capacity, WMC; and g factor) or 

level of overall task performance modulate pupillary indices of alerting and orienting effects, 

as an indirect index of LC phasic activity. Individual differences in the level of task 

performance, compared to the level of general cognitive abilities, can be an index of situation-

specific triggers of pupillary responses driven by different factors like task-specific skills, 

mental effort, motivation, fatigue or stress. We also examine the effect of individual 

differences in age. 

The reason for introducing such an individual differences approach is that some 

studies have indicated that the level of general cognitive abilities can have an effect on the 

behavioral responses in Posner task, on the functional connectivity in frontoparietal 

attentional network, and on the pupillary responses. For example, some researchers have 

found a relationship between intelligence scores and response times (RT) in the Posner letter 

matching task (Neubauer et al., 1997), also between IQ and memory performance in the 

Posner cueing task (Markant and Amso, 2014), and between visual WM and attentional 

orienting mechanism (Wang et al., 2017). However, Redick and Engle (2006) found that high 

(HS) and low span (LS) individuals differ in their executive control network (i.e., LSs were 

more slowed by incompatible flankers than HSs), and not in the alerting or orienting 

networks. 

Human imaging studies have also shown that the same neural structure (i.e., 

frontoparietal network) is involved in both WMC and attentional orienting (Ku, 2018), and 

that there is an association between intelligence, attention, and functional connectivity in  
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frontoparietal network (Hearne et al., 2016; Pamplona et al., 2015; Schultz and Cole, 2016; 

Song et al., 2008). Besides, there is evidence for the modulatory effect of LC-NE system on 

the frontoparietal network (Szabadi, 2013), as well as on individual differences in both WMC 

and attention control (Unsworth and Robinson, 2017), and on the functional connectivity 

throughout the brain (Moore and Bloom, 1979). The strength of functional connectivity is 

found to be associated with changes in pupil sizes (Eldar et al., 2013; Warren et al., 2016).  

Some pupillometry studies suggest that TEP responses are modulated by individuals’ 

general cognitive abilities (Heitz et al., 2008; Peavler, 1974; Tsukahara et al., 2016; van der 

Meer et al., 2010) but also their levels of task performance (Aminihajibashi et al., 2019, under 

review). Thus, it is possible that (only) individuals with high performance in the Posner 

cueing task or those with high general cognitive abilities can have different LC activity and 

functional connectivity within the relevant brain areas, and benefit more from either warning 

signals (alertness) or the validity of spatial signals (orienting).  

Measuring pupillary responses seems a promising and reliable method to track the 

activity of the LC’s noradrenergic system because both direct recordings from LC neurons in 

animals (Joshi et al., 2016; Rajkowski et al.,1994; Varazzani et al., 2015) and neuroimaging 

studies in humans (Alnæs et al., 2014; Murphy et al., 2014; Schneider et al., 2016; Yellin et 

al., 2015) have shown a tight link between the fluctuations of pupil diameter and the LC´s 

level and pattern of activation (Devilbiss and Waterhouse, 2011; Aston-Jones and Cohen, 

2005). Phasic LC activations driven by behaviorally relevant targets are always associated 

with pupil dilations. From cognitive psychology studies, it is also known that pupillary 

changes are a reliable index of mental effort and the intensity of attentional processes 

(Kahneman, 1973; Wilhelm et al., 1999; for reviews see: Beatty and Lucero-Wagoner, 2000; 

Eckstein et al., 2017; Granholm and Steinhauer, 2004; Laeng et al., 2012; Mathot, 2018b; 

Steinhauer et al., 2004; van der Well and Steenbergen, 2018), which are assumed to be 

controlled by the noradrenergic arousal system of the locus coeruleus (Alnæs et al., 2014). 

Using pupillometry and the attention networks test (ANT), Geva et al. (2013) provided 

evidence for the involvement of the LC-NE system in both alerting and orienting and 

executive networks (with differing onset and rate of firing). Similarly, through 

pharmacological manipulations, Reynaud and colleagues (2019) found that high dose of 

atomoxetine, a NE reuptake inhibitor that increases NE availability in the brain, increases  

pupil size and modulates both alerting and orienting in ANT in a context-dependent  
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manner. Dragone and co-workers (2018) also found an effect of orienting on pupil responses 

in a Posner cueing task, only when the centrally presented cues were highly predictive (80%). 

Mathot and colleagues (2015) also found that covertly attending to a bright area, compared to 

a dark area, induce pupillary light reflex, which was associated with behavioral cueing effects 

in a Posner cueing task. 

However, the findings have not been consistent. For example, while results from some 

pharmacological studies have revealed the effect of NE manipulation on both alerting and 

orienting (Clark et al., 1989; Coull et al., 2001; Reynaud et al., 2019), others found only a 

neuromodulatory effect of NE on alerting in a Posner cueing task (Witte and Marrocco, 

1997a, 1977b). Moreover, behavioral studies have shown that individual differences in 

alerting and orienting processes are not correlated (Fan et al.2009) and pharmacological 

studies with humans, monkeys, and rats have found that the manipulation of norepinephrine 

(NE) release influences alerting and the acetylcholinergic (Ach) drugs influence orienting in a 

double dissociated manner (Everitt and Robbins 1997; Fan et al.2002; Davidson and 

Marrocco, 2000).  

One reason for this discrepancy can be methodological differences. For example, 

pharmacological manipulation of the LC-NE system can influence its interaction with other 

neuromodulatory systems and have a differing influence on neural activity of different brain 

areas (Szabo and Nlier, 2001). It is also possible that some other state-specific and task 

characteristics or individual difference factors trigger the involvement of LC-NE system in 

orienting. For example, the ANT involves exogenous cues, and performance on the ANT task, 

compared to Posner cueing task, is influenced by congruency effects in addition to alerting 

and orienting effects (Newson, 2018), which may influence the involvement of underlying 

neuromodulatory systems, especially in combination with other factors. Therefore, here we 

used the Posner cueing task, rather than ANT. Surprisingly, there are very few pupillometry 

studies on covert orienting of attention with the Posner cueing task. 

The Posner cueing task is one of the paradigms that have been frequently used to 

study the development and neurophysiological basis of attentional networks (Posner, 2014). 

In the Posner paradigm (1980), non-spatial and spatial cues are used to study the effect of 

warning signals (alerting) and (re)orienting of visuospatial attention on performance (Chica et 

al., 2014; Posner, 2014). The main idea is that attending to a location, overtly or covertly,  

facilitates the processing of incoming information in a given location, which consequently  
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decreases our response time (Posner et al.,1980, but also see Green and Woldorff, 2012 for a 

non-attentional explanation). The valid cue (when a target is presented in the position 

indicated by the cue) facilitates task performance by providing correct information about 

when and where the target will appear. This behavioral advantage in the valid, compared to 

invalid, trials is called the orienting effect. The other cue types (i.e. invalid and neutral cues) 

are only temporally informative and, relative to valid trials, they lead to less optimal 

performances (e.g., slower response times and/ or more errors), but relative to trials with no 

cue, when no temporal information is available, performance will be better. The behavioral 

advantage in cued trials, relative to no-cue, is called alerting effect. Several factors are  found 

to be influential in attention orientation and performance in the Posner task. For example, in 

addition to cue’s validity (i.e. the probability of valid cues), cue’s type (i.e. endogenous 

versus exogenous) can affect performance and the involved neural structures (Chica et al., 

2013). How long the cues and targets are shown, the interval duration between onset of cue 

and onset of target (stimulus onset asynchronies; SOA) and the type of task (detection vs. 

identification) are also shown to change the physiological (e.g. pupil responses) and 

behavioral outcome (Chica et al., 2013). Gabay et al. (2011) found, for instance, that only a 

demanding identification task (in comparison to a detection task) induced a phasic pupil 

dilation locked to the behavioral response time.  

To test the dual and singular accounts, we reasoned that if the dual mechanism 

account is true, then pupillary responses should only express the involvement of the 

noradrenergic alerting mechanism, which operates globally to prepare the individual for 

responding to the coming target. That is, all cued trials should trigger a larger pupil dilation 

compared to no-cue trials in both SOA conditions, without any significant difference in TEP 

dilations between cued conditions. In contrast, behavioral responses (i.e. response times and 

accuracy) should express the involvement of both alerting and orienting mechanisms. That is, 

as shown also in previous studies, we expect a higher accuracy and faster response time (RT) 

in the valid trials compared to all other trial types (orienting effect) and higher accuracy and 

faster RT in neutral than in no-cue trials (alerting effect) in both SOA conditions. Moreover, 

this account suggests that the orienting effect seems to be independent from the level of 

alertness because it is driven by cholinergic neuromodulation of attentional focus and 

behavioral responses activated by spatial cues (Fan et al.2002). Therefore, behavioral and 

pupillary indices of alertness (no-cue – neutral) and orienting (invalid – valid) effects should 

be uncorrelated (Fan et al., 2002).  
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However, if the singular account is true, then the detection of invalidly cued targets 

(i.e., reorient the attention) is also associated with an increased phasic LC activity 

accompanied by larger pupil dilations in invalid compared to valid trials. Moreover, the 

behavioral and pupillary indices of alertness and orienting effects should be positively 

correlated. However, we predicted that the effect of spatial cues on behavioral and pupillary 

responses will be influenced by SOA manipulation (i.e., longer RT along with larger TEP 

responses in SOA1300, especially in older subjects). Some previous findings (Hayward and 

Ristic, 2013) have shown an increased RT in cued trials when SOA was long (931ms 

compared to 106ms) and the probability of target presentation was low (75%).  Moreover, RT 

benefits and costs increased with age only when SOA was very long (2000ms) and the cue 

was presented centrally in a discrimination task (Greenwood et al., 1993, but also see Chica et 

al., 2012; Yamaguchi and Kobayashi, 1998).  

Finally, we examined if there is a significant relationship between pupillary indices of 

orienting and alerting and estimates of both general cognitive abilities (i.e., WMC and g 

factor) and task performance (total RT in the correctly performed trials). To our knowledge, 

this is the first study that tests these competing accounts using Posner cueing task and 

pupillometry along with investigating the modulatory effect of individual differences in 

cognitive abilities. 

 

2 Method  
2.1 Participants 

A Statistical Power analysis was run using G*Power tool (Faul et al., 2007) and based 

on Geva and colleagues (2013), who using the ANT, reported an effect size of ηp2 = .59 for 

the interaction between Component × Condition. This revealed that with an alpha level of .05, 

and eight number of groups (2 SOA × 4 Trial Type conditions), a sample size of 13 was 

required when power was set to 0.90. However, since a different paradigm was used in Geva 

et al.’s study, and we also investigated the effect of general cognitive abilities, we required 

and recruited more participants.  

Seventy-five participants (27 females; Mage = 33 years, SDage = 8.4; Min-Maxage = 18- 

52) were recruited from a sample pool screened at the Oslo University Hospital for a separate  

genetics project. The inclusion criteria were being a healthy ethnic Norwegian, aged between 

18-70 years. The project’s exclusion criteria were to have any neurological disorders, 

previous head injury, substance abuse, or severe mental disorders (evaluated by the Primary 
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Care Evaluation of Mental Disorders interview; PRIME-MD: Spitzer et al., 1994). 

Participants were invited to the Department of psychology at the University of Oslo to 

participate in several pupillometry experiments. All participants had a normal or corrected-to-

normal vision, signed a consent form and received monetary compensation. The final sample 

size differed across the different measures since data from 5 individuals were missing for 

WMC, 6 for the g factor, 1 for the behavioral data, and 3 for the pupillary data due to 

technical problems. 

 
2.2 Materials and procedure 

2.2.1 Posner cueing task  

Behavioral and pupillary indices of alerting, orienting, along with overall task 

performance (which indicate the degree in which individual benefits from any warning signal, 

as well as shifting the orientation of visuospatial attention to effectively detect a target) were 

measured using a self-developed version of Posner cueing task.  

2.2.1.1 Stimuli. Using E-prime software (2.0.10.353), we developed a Posner paradigm in  

which there were four types of trials, cues were presented centrally and cue’s validity was 

manipulated (180 out of a total 300 trials (60%) were valid). In invalid trials (N=40, 13%), in 

contrast to valid ones, the target letters are not presented at the place (square box) that cue had 

pointed to (Figure 1). In neutral trials (13%), all corners of the central square box were 

thickened indicating that target can appear in any place. Finally, in uncued trials (13%), 

participants did not receive any cue and the target could appear in any place. All trials were 

presented in a semi-counterbalanced manner to all participants. We also manipulated the 

Stimulus Onset Asynchrony (SOA) having two conditions with either a short (800ms) or long 

(1300ms) SOA with equal frequency. These SOA conditions were chosen based on the fact 

that pupillary responses need time to develop and to get back to the baseline level (e.g., 

Eckstein et al., 2016) and based on previous findings in the pupillometry studies (Dragone et 

al., 2018; Gabay et al., 2011). Behavioral literature has shown that the effects of endogenous 

cues are observable at SOAs of ~300 ms, and last for several seconds (Chica et al., 2014). 
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Figure 1. A display of an invalid trial in the target detection Posner cueing task. The 

innermost circle at the center of the screen demonstrates the fixation point that participants 

were instructed to focus their gaze on throughout the whole task. The red circles illustrate, 

respectively, the cue and target presentation in an invalid trial. After responding, a fixation 

slide appeared on the screen until the participant pressed one of the bottoms on the response 

box to go to the next trial. 

 

2.2.1.2 Design. Each trial began with presenting a fixation slide (1000ms) and, following a  

“covert” attentional orienting procedure, participants were instructed to focus their gaze on a 

circle located at the center of the screen throughout the whole task (see Figure 1) and only 

shift the mind’s eye or attention. Mean pupil size during this fixation period was used to 

provide a baseline measurement. At the center of the screen, there was also a square box. To 

present the cue (100ms), one of the corners in this central square became thicker (figure 1) to 

indicate where the target would be likely to appear. After an either 800ms or 1300ms time 

interval, the target stimuli, i.e., a black A or Q letter, appeared on a gray background.  

The target was presented (in 2500ms) in one of the four square boxes located in each 

corner of the screen (3° visual angle) with equal distance from each other and from the center 

of the screen where the cue was presented (see figure 1). The task was to identify the target 

and, regardless of which square the letter was presented in, to press, as fast and accurate as 

possible, the outer left button on the response box when seeing the Q letter and the outer right 

button when seeing an A. The response keys were counterbalanced between participants. 

After responding, a fixation slide appeared on the screen until the participant pressed one of 

the bottoms on the response box to go to the next trial (following a self-paced procedure).  

2.2.1.3 Procedure. After signing the consent form, participants read the instruction for the  

task. The experiment was also explained verbally to the participants, who were shown where  
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to fixate their gaze. Before the experiment, all participants performed six practice trials and 

received visual feedback each time they answered incorrectly. They were tested in the same, 

soundproof room (eye lab), where the only light source in the room was one fluorescent 

ceiling lamp, providing a constant environmental luminance.  

2.2.2 Measuring general cognitive abilities  

General cognitive ability is typically measured by standardized intelligence tests (Colom 

et al., 2010; Hunter, 1986), but it can also be estimated by statistically- derived parameters 

like the g factor (Deary et al., 2010; Spearman, 1904) or by using estimates of working 

memory capacity (Unsworth and Robinson, 2017). Indeed, there is a high correlation between 

WMC and g factor (Conway et al., 2003), and between WMC and fluid intelligence (r = .66, 

Fukuda et al., 2010). Similar to the g factor, WMC can predict performance on a wide range 

of cognitive tasks (Unsworth and Robinson, 2017; Wilhelm et al., 2013). Here, we measured 

individuals’ WMC, using the Letter-Number-Sequencing (LNS) task, a subtest from the 

Wechsler Adult Intelligent Scale-Third Edition (WAIS-III; Wechsler, 2003). The task is to 

organize strings of unsorted numbers and letters that are in varying lengths so that the 

numbers to be in ascending order and the letters in alphabetic order. The test has a high 

reliability (α = .85) at each age group (Sattler & Ryan, 2009), and is the most widespread 

measure of WMC among European psychologists (Evers et al., 2012). It also correlates highly 

with laboratory measures of WMC, and with a composite score of three separate operation 

span tasks, r = .53 (Hill et al., 2010). 

In addition, we computed individuals’ g factor scores by running principal component 

analysis (PCA) based on participants’ scores on three cognitive tests; Matrix Reasoning 

subtest of the WASI (Wechsler, 1999) that estimates the fluid and reasoning abilities, Color-

Word Interference Test (CWIT; Delis et al., 2000) that estimates the processing speed and 

inhibition ability, and the Hopkins Verbal Learning Test (HVLT; Brandt, 1991) that measures 

the ability of verbal learning and memory, following a similar procedure used in previous 

studies (Christoforou et al., 2014; Haász et al., 2013). See supplementary material, section 1, 

for a detailed explanation of these tests. 

 

2.3 Apparatus 

Measurements of pupil size and eye gaze positions were recorded by a binocular 

Remote Eye-tracking Device (R.E.D.; SMI-SensoMotoric Instruments, Teltow, Germany) set  
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to a sample rate of 60 Hz. Head movements were stabilized using a chin-rest to keep the eye-

to-monitor distance constant at 57 cm. The experiment was shown on a 47 x 29.4 cm color, 

LED monitor with a resolution of 1920 x 1080 pixels and a 60 Hz refresh rate. 

 

2.4 Pupillometry procedure  

A standard calibration procedure was conducted at the beginning of a session (to calibrate the 

eye-tracker). Participants were asked to keep their gaze on the gray fixation circle at the 

center of the screen (Figure 1) while performing the task. The psychometric tests and 

pupillometry experiments were administered on different days. 

 

2.5 Data processing  

2.5.1 Psychometric data 

Working Memory Capacity.  Individuals´ WMC was measured as a total score  

obtained from the Letter-Number Sequencing task (M= 14.91, SD= 2.61; Min-Max= 9-22).  

g factor. To estimate g factor scores based on individuals’ scores on three cognitive 

tests, we first made a composite score for each test and ran a principal component analysis 

(PCA). To create a total composite score for CWIT, we first ran a separate PCA on RTs 

obtained from four conditions of CWIT. To make these scores comparable with scores from 

the other two tasks, we inverted RTs in CWIT task so that a higher score indicates better 

function. Moreover, scores from the three learning and recall trials of the HVLT task were 

aggregated to compute a sum score. Finally, these measures along with raw scores from MR 

(Matrix Reasoning) task were used in a PCA. The first unrotated component was used 

(eigenvalues: 1.33, .94, 73) as an estimate of the g factor scores (M= .004, SD= 1.01; Min-

Max= -2.47 – 2.41).  

2.5.2 Behavioral data 

One subject did not complete the Posner task and therefore the sample size for these 

behavioral data was N = 74. The percentage of correct responses was measured for each trial 

type (i.e., valid, invalid, neutral and uncued trials), each SOA condition (800ms & 1300ms) 

and each individual using the analysis tool provided by the E-prime software. We also 

computed the median response time (RT) for each individual using the same procedure, 

except that trials with incorrect responses and RTs faster than 250ms were first excluded. 

These data were used to examine the effect of trial types and SOA conditions on performance.  
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The behavioral alerting (RT in no-cue – RT in neutral trials) and orienting (invalid - valid) 

indices were first measured separately for each SOA condition. We averaged the Z scores of 

orienting and alerting indices from each SOA condition to estimate a total orienting and 

alerting estimate for each individual. A high alertness score indicates that performance is 

more influenced by the warning signals so that it takes more time to respond when there are 

no warning cues. A high orienting score indicates that performance is strongly influenced by  

the validity of cue and it takes more time to respond when a cue is invalid.  

Finally, we calculated a total RT score for each participant by collapsing mean RTs 

across all four conditions. This total RT score was considered as an estimate of each 

individual’s overall task performance (‘Posner skill’). 

2.5.3 Pupillary data 

Time intervals containing blinks were replaced using linear interpolations, beginning 

five samples before and five samples after a blink. Then, a Hampel filter (Pearson, 1999) was 

used to exclude the instrumental noises (Klingner et al., 2008). However, the analysis was 

also repeated with unfiltered data, but the conclusions did not change. That is, all p-values 

below and greater .05 were also below and greater .05 when using unfiltered data. This 

explanation holds whenever we report that the pattern of results did not change. Any 

significant changes are otherwise reported. All pre-processing of pupillary data was done 

using R (R Core Team, 2018). Analysis scripts are available from 

https://github.com/thohag/pupilParse. The pupillary data of two subjects were not recorded 

due to technical problems, and one subject who did not finish the task, so the final sample size 

in the pupillary analysis was N = 72.  

2.5.3.1 Pre-trial baseline pupil size. The average pupil size during the 1000 ms at the 

beginning of each trial was used as a measure of pre-trial baseline size. After calculating the 

mean baseline, baseline values that were larger and smaller than 1.5 interquartile range (IQR, 

Seo, 2006) from the median were considered as an outlier and filtered out. 

2.5.3.2 Task-evoked pupil (TEP) size. We had two types of event-related pupillary 

responses, one after cue presentation, and one after target presentation. The subtractive 

correction method (Mathot et al., 2018a) was used to derive baseline-corrected TEP sizes in 

each trial for each participant. That is, the average pre-trial baseline pupil size was subtracted 

from the pupil size measured at each sample. Similar to RT measurements, only trials with 

correct responses were included.  
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To calculate the cue- and target-evoked pupil sizes (respectively, CEP & TaEP), we 

used findings from the literature to choose time windows during which the experimental 

effects on pupil responses can be expected to appear. Evidence from the literature indicates 

that the real effects of manipulations on pupil size require at least 220ms to develop (Mathôt, 

et al., 2015). Moreover, when performing tasks that require motor responses, peak dilations, 

under normal room lighting, tend to occur from 600-900ms (Steinhauer and Hakerem, 1992) 

to 1400ms (Laeng et al., 2011; Geva et al., 2013) after stimulus presentation. Accordingly, we 

selected two time-windows to measure the average pupil sizes induced by cues (i.e., mean 

pupil size from 200ms after cue presentation until target presentation), and by targets (i.e., 

mean pupil size  during 200ms to 1400ms after target presentation. 

However, since we had two SOA conditions, the time window used to measure the 

cue-related TEP sizes was longer in SOA1300 (1000ms) than in SOA800 (500ms). Therefore, 

we measured and ran two series of analyses, similar to Dragone et al. (2018). First, the time 

window from 200ms after the cue presentation until the target presentation was used to 

analyze the pupillary changes as a function of cue duration. We refer to these measurements 

as CEP 1. In the second series of analyses, the time window from 1400 to 1900ms was used to 

measure the cue-evoked mean pupillary responses because this duration (500ms) was shared 

by both SOA800 and SOA1300 conditions. These measurements are referred to as CEP 2.  

In contrast, the time duration used to measure target-related TEP sizes was the same in 

both SOAs (i.e., 1200ms). Target-evoked pupil responses were also used to estimate alerting 

(no-cue – neutral) and orienting (invalid - valid) effects in each SOA condition. We averaged 

the Z scores of these indices (e.g., an average of Z scores of target-evoked orienting indices in 

SOA800 and SOA1300) to estimate the total orienting and alerting scores.  

Finally, we used a Monte Carlo autocorrelation method (Guthrie and Buchwald, 1991; 

Rigato et al., 2016; Siegle et al., 2008) to explore the temporal profile of the orienting and 

alerting effects during their evolution, without specifying a priori time window. The temporal 

profile refers to the onset of the effects and the time course over which the target-evoked 

pupillary changes differed between the compared conditions significantly. This analysis along 

with its results are presented and discussed in Supplementary material, part 7. 

2.5.4 Gaze deviation data  

The amount of gaze deviation from the central fixation was measured to check if 

participants oriented their attention covertly during cue-target period. To measure gaze  
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deviations in each trial, the mean eye movements that did not exceed the 4 degrees of visual 

angle from the fixation point was coded as 0 whereas deviations larger than 4 degrees (in the  

direction of cued positions) were coded as 1. Then, the average and median gaze deviation 

was calculated for each trial type and SOA condition. The four degrees of visual angle was 

chosen based on the amount of visual acuity around the foveal fixation in humans, which 

drops to one third  in 4 degrees away from the fovea (Strasburger, Rentschler, & Jüttner, 

2011; Østerberg, 1935). As presented in Supplementary Material section 10, descriptive 

statistics showed larger deviations in non-directional trials than in directional trials, which 

indicates that participants were actually complying to instructions. More importantly, there 

was not a significant difference in gaze deviations from the fixation point between valid and 

invalid or between neutral and nocue trials (Supplementary Material section 10), which is 

important for pupillary results with alerting and orienting scores. 

2.5.5 Statistical analysis 

All pre-processing of pupillary data was done using R (R Core Team, 2018). Analysis 

scripts are available from https://github.com/thohag/pupilParse. The standard SPSS version 

25 (IBM SPSS Statistics for Windows and Macintosh, Version 25.0. Armonk, NY: IBM 

Corp) was used to analyze the data. When the sphericity assumption was violated, 

Greenhouse–Geisser correction was used and reported. We also investigate and report the 

results with and without age as covariate for several reasons. First, the age range in our 

sample (18-52) was three times larger than that in the other pupillometry studies (Gabay et al., 

2010; Geva et al., 2013; Dragone et al., 2018). Moreover, previous findings have revealed a 

negative relationship between age and cognitive functions (Glisky, 2007), between age and 

pupil size (indicating that elder individuals show smaller pupil sizes at any luminance level; 

Guillon et al., 2016), along with a positive relationship between age and behavioral latencies 

in Posner task (Langley et al., 2011; Greenwood, Parasuraman and Haxby, 1993). Also, 

correlation analysis in the current study confirmed a positive relationship between our 

participants’ ages and their RTs with older participants performed the task more slowly 

(Supplementary material, Table 1). We found also a negative relationship between age and 

TEP sizes, indicating that older participants had smaller TEP sizes (Supplementary material, 

Table 2). Since the aim of the present study was to examine the modulatory effect of 

individual differences in cognitive abilities and aging on behavioral and psychophysiological 

markers of the Posner cueing effect, the analyses were rerun while the effect of age was  
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statistically partialled out. One-tailed p values were used in the analyses that we had prior 

predictions about the direction of relationships (e.g., age effects) while two-tailed p values 

were used when we did not have any prediction and the findings in the literature were 

inconsistent (e.g., relation between alerting and orienting estimates). We also used JASP 

(v.0.9) software (https://jasp-stats.org/) to obtain a precise likelihood estimate of the 

’conclusiveness’ of findings with the Bayesian analyses. 

1 Results  
The descriptive statistics of all dependent variables in each experimental factor are 

presented in Table 1. 

Table 1. Descriptive statistics for dependent variables in each Trial Type and SOA 

 SOA800 SOA1300 

Valid No-Cue Neutral Invalid Valid No-Cue Neutral Invalid 

Accuracy .96 (.04) .93 (.07) .94 (.06) .95 (.06) .96 (.04) .93 (.06) .95 (.06) .93 (.06) 

RT 
519.52 

(88.03) 

554.74 

(93.84) 

545.36 

(98.02) 

566.80 

(113.80) 

489.47 

(87.42) 

549.18 

(108.11) 

517.42 

(94.45) 

548.95 

(100.25) 

CEP 1 -.04 (.05) -.05 (.05) -.04 (.05) -.04 (.04) -.02 (.04) -.03 (.06) -.02 (.05) -.02 (.05) 

CEP 2 -.04 (.05) -.05 (.05) -.04 (.05) -.04 (.04) -.03 (.04) -.04 (.06) -.04 (.05) -.04 (.05) 

TaEP .09 (.06) .08 (.06) .10 (.06) .10 (.07) .14 (.08) .11 (.07) .14 (.09) .14. (.09) 

 

Note. Mean and standard deviation (in parentheses) of all dependent variables; i.e., accuracy 

(%), RT = response time (ms), CEP 1= cue-evoked pupil size from 200ms after cue 

presentation until target presentation, CEP 2 = cue-evoked pupil size estimated using the 

shared equal period from 1400 to 1900ms by both Stimulus Onset Asynchrony (SOA) 

conditions, and TaEP = target-evoked pupil sizes. 

 

1.1 Behavioral results 

Bivariate correlation analyses did not show a significant relationship between response 

time and accuracy in any of the trial types in each SOA condition, all p values > .05. As 

expected, correlational analysis revealed a positive correlation between WMC and g factor  
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scores, r = .37, p = .002. However, there was no significant relationship between total RT 

(overall performance) and WMC (r = .04, p = .74), or between total RT and g factor (r = -.20, 

p = .10). WMC and g factor scores did not significantly correlate with age (p > .25). 

3.1.1 Accuracy 

A repeated-measures ANOVA with Accuracy as dependent variable, and Trial Type 

(valid, neutral, no-cue, invalid) and SOA (800 and 1300ms) as within-subject factors revealed 

a main effect of Trial Type, Greenhouse-Geisser F(2.43, 175.08) = 3.06, p =.04, ηp2 = .04 

(Figure 2). Accuracy was high in all trials (over 90%). However, pairwise comparisons 

showed that the mean accuracy in the valid trials was significantly better than in all other trial 

types (all p values < 0.01). Accuracy in neutral trials was also higher (mean difference = .013) 

than accuracy in no-cue trials, p = .05. The main effect of SOA (p = .17) and the interaction 

between SOA and Trial Type (p = .99) were not significant. 

An ANCOVA with Age as covariate showed an interaction between Age and Trial 

Type, Greenhouse-Geisser F(2.43, 175.08) = 3.07, p = .04, ηp2 = .04. A correlation analysis 

showed a negative relationship between age and accuracy only in neutral trials in SOA1300 (r 

= - .23), indicating that older people benefited less from temporally warning signals.  

 

 
Figure 2. Behavioral results. Effect of Trial Type and Stimulus Onset Asynchrony (SOA) 

conditions on accuracy (left panel) and response time (right panel). Error bars represent SE. 

 

3.1.2 Response time  

We repeated the same ANOVA with median RT as dependent variable. Results 

revealed a significant main effect of SOA, F(1, 73) = 58.00, p < .001, ηp2 = .44, main effect of 

Trial Type, F(3, 219) = 5598, p < .001, ηp2 =.43, and a significant interaction between SOA 

and Trial Type, Greenhouse-Geisser F(2.49, 181.44) = 4.70,  p = .006, ηp2 = .06 (Figure 2).  
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Planned comparisons with paired-samples t-tests showed that, except in no-cue trials, RTs in 

all other trial types were faster when SOA was longer; i.e., 1300ms (all p < .01, Table 1). 

Another paired samples t-tests were run for Trial Type factor. Results showed that when SOA 

was longer (1300ms), RTs in both valid and neutral trials were faster than RT in no-cue and 

invalid trial types (all p values < .001), but RT in invalid trials did not differ significantly 

from RTs in no-cue trials (p = .26). In SOA800 condition, however, the median RT was faster 

in the valid trials than all other trial types (all p < .001, see Table 1). RT was also faster in 

neutral than in invalid trials but there was not a significant difference between RTs in no-cue 

trials and RTs in invalid and neutral trials. These results indicate that the simple main effects 

of Trial Type and SOA conditions were not significant. When the effect of age was controlled 

in an ANCOVA, results revealed that only the main effect of SOA was significant, F(1, 72) = 

12.23, p =.001, ηp2 = .15, indicating that RTs were faster when SOA was longer; i.e., 1300ms.  

3.1.3 Relationship between behavioral indices of alerting vs. orienting effects 

Finally, a bivariate correlation analysis showed that total estimates of alertness (RT in 

no-cue – RT in neutral) and orienting (invalid - valid) effects were uncorrelated, r = .04, p = 

.76, which is consistent with the dual mechanism hypothesis. Similar analyses were run to 

investigate the relationship between alertness and orienting scores in each SOA condition 

separately, but these indices were still uncorrelated (Supplementary material, Table 3).  

 

3.2 Pupillary results  

3.2.1 Task-evoked pupil sizes after cue presentation 

A repeated measures ANOVA with mean CEP 1 sizes as dependent variable, and Trial 

Type (4 levels) and SOA (2 levels) as within-subject factors, revealed a significant main 

effect of SOA, F(1, 71) = 41.42, p < .001, ηp2 = .37, and main effect of Trial Type, 

Greenhouse-Geisser F(2.45, 173.62) = 3.67, p = .02, ηp2 = .05. Pairwise comparisons 

indicated that cue-evoked pupil sizes were larger in longer (1300ms) than shorter (800ms) 

SOA (mean difference= .02mm), p < .001. Moreover, TEP sizes in no-cue trials were smaller 

than all other trial types, all p values < .05 (Figure 3, left panel & Figure 4). The interaction 

between factors was not significant, p = .19. An ANCOVA with Age as covariate revealed 

only a main effect of SOA, F(1, 70) = 6.33, p = .014, ηp2 = .08. 

The data were also examined by Bayesian repeated-measures ANOVA to obtain a 

precise likelihood estimate of the ’conclusiveness’ of findings. The prior was based on the 
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Figure 3. Pupillary results. Effect of Trial Type and Stimulus Onset Asynchrony (SOA) 

conditions on baseline-corrected, cue-evoked pupil size (using CEP 1 data ; left panel) and 

target-evoked pupil size (right panel). Error bars show 95% confidence interval. 

 

default JASP Cauchy distribution and the data under the null hypothesis was compared with 

the fit under the alternative hypothesis. The obtained Bayes factors (BF10,u) for the effect of 

SOA was 6.071e+12, which provides ‘very strong evidence’ for the likelihood of the data 

under H1 (Dienes, 2014). The BF10,u for the Trial Type model alone was 0.34, which is 

inconclusive evidence (0.33 > BF >1) and more on the side of ‘anecdotal evidence’ for the 

null hypothesis. Post hoc comparisons, however, showed strong evidence for the difference 

between valid and no-cue conditions, and anecdotal evidence in the comparison between no-

cue and the other two cue types (Supplementary material, Table 4). 

A similar repeated measures ANOVA was repeated with mean cue-evoked pupil sizes 

estimated using the same period in both SOAs (CEP 2) as dependent variable. The main effect 

of SOA was not significant longer, F(1, 71) = 3.40, p = .07, ηp2 = .05, but the main effect of 

Trial Type was significant, Greenhouse-Geisser F(2.49, 177.16) = 3.58, p = .02, ηp2 = .05. 

However, controlling for the effect of age in an ANCOVA revealed neither main effect of 

SOA (p = .45), nor main effect of Trial Type (p = .88). 

3.2.2 Task-evoked pupil sizes after target presentation 

A similar repeated measures ANOVA was run to investigate the effect of within-

subject factors on target-evoked pupil sizes. Results revealed a significant main effect of 

SOA, F(1, 71) = 109.03, p < .001, ηp2 = .61, and main effect of Trial Type, Greenhouse- 

Geisser F(2.58, 182.92) = 8.75, p < .001, ηp2 =.11. Pairwise comparisons indicated that target-

evoked pupil sizes were larger (mean difference= .04mm) when SOA was longer (1300ms; p  
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< .001). Moreover, TEP sizes in only no-cue trials were smaller than all other trial types, all p 

values < .006 (Figure 3, right panel & Figure 4). An ANCOVA with Age as covariate 

revealed only a main effect of SOA, F(1, 70) = 20.11, p < .001, ηp2 = .22. The data were also 

examined by Bayesian repeated-measures ANOVA. The obtained Bayes factors for both the 

effect of SOA (BF10,u = 1.99e+27) and Trial Type (BF10,u = 58.89) indicated very strong 

evidence for the likelihood of the data under H1. Post hoc comparisons showed very strong 

evidence for the effect of no-cue trials on target-evoked pupil sizes in comparison to other 

trial types (Supplementary material, Table 5). 

 

 
Figure 4. Pupil time series. Group averages of the pupil changes as a function of Trial Types 

in SOA800 (a) and SOA1300 (b). The x-axis represents the period from the trial start (0) to 

the time of interest after the target presentation. The y-axis represents the baseline-corrected 

pupil size in mm and shaded area surrounding lines represents SE. Vertical lines marked as 

“cue” and “target” display the time of cue and target presentation in each SOA condition. The 
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gray and blue shadows demonstrate the time windows used in estimating cue- (CEP 1) and 

target-evoked pupil responses (from 2100 to 3300 in SOA800 & from 2600 to 3800 in 

SOA1300), respectively. The colored vertical lines represent median RT; total mean RT = 

546.61ms in SOA800 and 526.26ms in SOA1300. SOA; stimulus onset asynchronies. 

 

3.2.3 Relationship between pupillary indices of alerting and orienting effects  

Similar to behavioral results, bivariate Pearson correlation analysis did not show a 

significant relationship between estimates of alertness and orienting effects, neither when total 

scores were used, nor with indices estimated in each SOA condition, all p values > .05, all 

BF10 factors < .5. However, we found a negative correlation (r = -.24, p = .05, BF10= 1.03) 

between total alertness and orienting scores in SOA1300. We also explored the relationship 

between behavioral and pupillary indices of alerting and orienting and found a negative 

correlation between total scores of behavioral and pupillary alertness (r = -.30, p = .01, BF10 = 

3.92) (all correlations are presented in Supplementary material, Table 6). 

 

3.3 Individual difference analyses 

3.3.1 Individual difference analysis with behavioral indices of alertness and orienting  

Total RT (as an index for overall task performance) did not correlate significantly with 

total alertness scores, or with alertness scores in SOA800, but it did with alertness scores in 

SOA1300 significantly (r = .28) Total RT also correlated positively with total orienting scores 

(r = .37), and with orienting scores in SOA800 (r = .38), but not in SOA1300. Except for a 

positive relation between WMC and orienting scores in SOA1300 (r = .26), the results did not 

indicate any significant relationship between indices of general cognitive abilities (i.e., g 

factor and WMC) and estimates of alertness and orienting effects. Neither had age significant 

effects on alertness and orienting scores (see Supplementary material, Table 3). 

3.3.2 Individual difference analysis with pupillary indices of alerting and orienting  

Results showed only a negative correlation between total RT and total orienting 

estimates (r = - .27, p = .02, BF10 = 1.78). None of the  indices of general cognitive abilities 

(i.e., g factor and WMC) correlated significantly with estimates of alertness and orienting 

effects (all p values > .05, all BF10 factors < .4); nor had age a significant effect on alertness  

and orienting scores (Supplementary material, Table 6). 
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Finally, after checking for normality distribution of dependent variables, we ran 

multiple linear regression analysis to investigate if indices of general cognitive abilities (i.e., g 

factor and WMC), along with overall task performance (i.e., overall RT) could predict total 

estimates of alertness and orienting effects or estimates in each SOA condition. All regression 

models were non-significant (all p values > .3). We were not concerned about the effect of 

multicollinearity problem on results because the correlation between WMC and g factor (r = 

.37, p = .002) was below  0.7 (Dormann et al., 2012) and the variance inflation factor (VIF) 

estimates were also below 3 (O’Brien, 2007). 

4 Discussion 
The purpose of the current study was to test two competing accounts that have been 

proposed regarding the role of LC phasic activity in alerting and orienting attention. 

According to the dual mechanism account (Fernandez-Duque and Posner, 1997), the 

“alerting” network is modulated by the LC-NE system, whereas the “orienting” system is 

modulated by cholinergic signals (Petersen and Posner, 2012). However, the singular account, 

proposed by Corbetta and Shulman (2008), suggests that the LC phasic activity may be 

involved in the reorienting of attention as well through its functional relationship with the 

ventral attentional network. To examine these accounts, we used a self-developed version of 

the Posner cueing task, pupillometry as an index of LC activity and an individual difference 

approach. Based on a common assumption that the fluctuations of pupil diameter and the 

LC´s level and pattern of activation are strongly correlated (Aston-Jones and Cohen, 2005; 

Granholm and Steinhauer, 2004; Joshi et al., 2016; Murphy et al., 2014; Varazzani et al., 

2015; Yellin et al., 2015), we expected that pupillary changes would throw light on the roles 

of the above processes.  

All in all, our results provided better support for the dual mechanism account than the 

singular account. Both behavioral and pupillary responses revealed the alerting effect; i.e., 

more accurate and faster responses to trials with neutral cues compared to no-cue trials, along 

with larger TEP responses in all cued trials than non-cued trials. Behavioral responses also 

revealed orienting effect; i.e., faster responses to validly, compared to invalidly, cued targets, 

as has also been seen in previous studies with this paradigm. However, we found no TEP 

differences between valid, invalid and neutral conditions, suggesting that TEP effects were 

driven by the alerting effect of cue presentation. Both the behavioral and pupillary indices of 

alertness and orienting effects were uncorrelated, both when the total scores were used and 
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when scores from each SOA condition were applied. If a noradrenergic mechanism was also 

involved in (re)orienting of attention, there should have been a positive correlation between 

pupillary indices of alerting and orienting effects.  

Nevertheless, we found a negative correlation (r = -.24) between total alertness and 

orienting scores in SOA1300. That is, a higher level of overall alertness and signal sensitivity 

was accompanied by smaller differences in pupil size between invalid and valid trials (i.e., 

smaller orienting effect) only when the SOA was longer (i.e., when the task was more 

demanding as indexed by larger TEP sizes). This finding may indicate a ‘situational’ 

interaction between these underlying mechanisms, as also proposed by Fan and colleagues 

(2002), who, using an ANT paradigm, found a reduced flanker interference effect on RTs 

only when an alerting cue with no spatial information was presented, relative to no-cue and 

spatial-cue conditions. We also found a negative relation between the total behavioral 

alertness scores and both total pupillary alertness scores (r = -.30), and pupillary alertness 

scores from SOA1300 (r = -.28), indicating that the smaller alerting effect on pupil responses 

was associated with larger alerting effect (cost) on behavioral responses (RT).  

 

4.1  Behavioral responses revealed both alerting and orienting effects 

In accordance with the literature (Chen et al., 2012;  Gabay et al., 2011; Geva, et al., 

2013; Fernandez-Duque and Posner, 1977; McDonald et al., 1999), our behavioral results 

provided evidence for cueing effects on both alerting and orienting. That is, accuracy in 

neutral trials was slightly better than accuracy in no-cue trials, which points to an alertness 

effect. Accuracy was also higher in the valid trials than all other trial types, which reveals a 

behavioral advantage of both alertness and orienting of attention because valid cues both 

trigger an alert modus and are spatially and temporally valid signals.  

Similarly, RTs were faster in both valid (i.e., orienting effect) and neutral trials (i.e., 

alertness effect) than RT in invalid and no-cue trial types in SOA1300ms. Since there was no 

negative correlation between accuracy and RTs in any of the trial types and SOA conditions, 

slower RTs in the invalid and no-cue trials cannot be explained by a speed-accuracy trade-off 

relationship, and they rather indicate the effect of alerting and orienting. However, in the 

SOA800 condition, we found only the orienting effect on RTs.  

In fact, similar to findings from some other studies (e.g., Fernandez-Duque & Posner, 

1977; Shin et al., 2011), RTs in all cued trials were faster in longer SOA (1300ms) than in  
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shorter SOA (800ms), suggesting that the performance benefited more from triggering an 

alert modus when the time interval between cue and target increased. Hayward and Ristic 

(2013) also found that when the probability of target presentation across trials was high 

(94%), mean RT in longer SOA (i.e., 931ms) was faster than in shorter SOA (i.e., 106ms). 

However, they also found faster RT in un-cued trials. In fact, finding better performance in 

longer SOA was opposite to our expectation, because we reasoned that longer covert attention 

to a cued place delays the reorienting and disengagement of attention, especially in older 

subjects (Greenwood et al., 1993; Langley et al., 2011; Olk and Kingstone, 2015). However, 

when we controlled for the effect of age, only the main effect of SOA was significant, which 

again indicated a better performance in longer SOA. As also explained in the next section, the 

better performance in all cued trials in SOA1300 was accompanied with larger TEP sizes in 

SOA1300, which may refer to a higher level of alertness and task engagement or higher 

mental effort in long SOA condition to keep the signal related information in mind (Aston-

Jones and Cohen, 2005; Kahneman, 1971). 

Lack of significant main effect of Trial Type on behavioral responses after controlling 

for the effect of age indicates that the cue effects on behavioral performance were 

considerably age-dependent. In fact, age correlated negatively with accuracy in neutral trials, 

indicating that older people may benefit less from temporally warning signals, and it 

correlated positively with RT in all trial types, indicating that elder participants performed the 

task slower, consistent with Langley et al. (2011). Greenwood et al. (1993) found that 

although elder subjects were always slower than younger participants, the relation between 

normal aging and RTs was not straightforward and RT costs and benefits appeared only in 

discrimination task (but not in detection task) when SOA was longer than 200ms and cue was 

presented centrally (i.e., when the attentional shift is proposed to be voluntary and effortful; 

Jonides, 1981; Posner, 1980).  

 

4.2 Pupillary responses revealed only an alerting effect  

Consistent with the dual mechanism hypothesis (Fernandez-Duque and Posner, 1997; 

Petersen and Posner, 2012), both cue- and target-evoked pupillary responses were larger in 

cued trials than in no-cue trials, without any significant difference in mean TEP sizes between 

cued trial types (i.e., orienting effect on pupillary responses was not present). To our 

knowledge, this is the first evidence from pupillometry studies that provides supports for an  
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exclusive alerting effect on pupillary responses triggered by presenting a warning signal that 

is spatially or temporally informative, perhaps modulated by a phasic increase in the LC-NE 

firings (Aston-Jones et al., 1994; Aston-Jones and Cohen, 2005; Joshi et al., 2016; Geva et al., 

2013; Murphy et al., 2014; Petersen and Posner, 2012; Rajkowski et al., 1994). We surmise 

that increased LC activity might trigger a change in alertness and the top-down dorsal 

network, and induces a selective visuospatial attention (after spatial cues), or an explorative 

modus (after neutral cues), which operates globally to facilitates speeded target detection and 

prepare the individual for responding to the coming target fast and accurately (Aston-Jones 

and Cohen, 2005; Corbetta et al., 2008; Petersen and Posner, 2012; Thiele and Bellgrove, 

2018). Noteworthy that increases in both cue- and target-evoked pupillary responses began to 

develop within around 300-400ms after the cue and target presentation, which is in 

accordance with previous findings showing an association between LC spiking activity and 

pupil dilation (Joshi et al., 2016; Reimer et al., 2016). 

As shown in Figure 2, target-evoked TEP responses were larger in cued trials, but target 

presentation was indeed associated with pupil dilation in all trials and sustained after 

executing the behavioral performance (peak dilation occurred around 1100ms after target 

presentation, i.e., around 550ms after response execution, consistent with findings in Geva et 

al., 2013). Several hypotheses are proposed to explain the role of LC phasic activity in 

response to targets and the regulation of behavioral states (Aston-Jones and Cohen, 2005; 

Bouret and Sara, 2005; Corbetta et al., 2008; Hofmeister and Sterpenich, 2015; Yu and 

Dayan, 2005). Some of them are plausible to explain the current dataset. For example, 

according to adaptive gain theory (Aston-Jones and Cohen, 2005; Gilzerant et al., 2010), the 

phasic activity of LC is involved in behavioral exploitation, task engagement and optimizing 

behavioral performance by modulating the neural gain of involved brain areas. Consistently, 

larger pupil responses in all cued trials, relative to nocue trials, can indicate exploiting the 

cue-related spatial and/or temporal information. Bouret and Sara (2005) proposed also that the 

phasic LC firings induce a “network reset” to reconfigure the cortical networks involved in 

processing the events that are just detected. Finally, Corbetta et al., (2008) suggested that the 

LC phasic activity is also involved in the re-orientation of attention by modulating the 

functional activity of ventral attentional networks after the detection of invalidly cued targets. 

However, the current measures do not provide supporting evidence for such a role, since the 

pupil responses in invalid trials did not differ from TEP sizes in the valid trials. Taken  
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together with faster RT in cued trials, these results support the dual mechanism account better 

than a singular, by indicating a facilitatory effect of a noradrenergic mechanism activated by 

any alerting signal. 

We found only two other pupillometry studies with the Posner’s cueing paradigm to 

compare for the consistency between the results. Gabay and colleagues (2011) used an 

exogenous cueing paradigm with only valid and invalid cues that were non-predictive, and they 

did not investigate (report) orienting effect with the pupillary responses. Dragone and 

colleagues (2018) used two versions of an endogens Posner paradigm with predictive and non-

predictive cues. The pupillary orienting (validity) effect, defined as difference between invalid 

and valid trials was found only in the non-predictive condition, but not in the predictive 

condition, which was like in our experiment. Therefore, similarly to our results, Dragone and 

colleagues did not find difference in target-evoked pupil responses between invalid and valid 

trials.  

The presence of a validity effect in the non-predictive condition may indicate that the 

effect of reorienting on the pupil responses can be state-specific, and appear only if the spatial 

signals are not highly expected to be valid. Without catch trials (N=96), in which no target was 

presented after cues, in the non-predictive condition, 33% of all trials (50% of spatially cued 

trials) were valid. In contrast, in the predictive condition, 53% of all trials (80% of spatially 

cued trials) were valid, which is similar to our experiment, in which the cues were always valid 

in 60% of total trials (i.e., around 82% of spatially cued trials). Therefore, the uncertainty 

around the informative value of spatial cues was high in non-predictive condition due to validity 

ratio of spatial cues and the usage of directional catch trials. This interpretation seems related 

to the “expected uncertainty» theory (Yu & Dayan, 2005), which proposes that the 

norepinephrine (NE) signals report on unexpected uncertainties whereas the acetylcholine 

(ACh) signals report on expected uncertainties that are inherent in the task (for example, when 

cues are invalid with a stable ratio of 20% of spatially cued trials). Although an invalid cue is 

not an “unexpected” event in non-predictive condition, the uncertainty around the informative 

value of spatial cues is high. In fact, in majority of trials the cue is either invalid or not followed 

by a target. Further studies are  needed to investigate the underlying mechanism of pupillary 

responses in covert orienting in non-predictive conditions. 

In the predictive condition, on the other hand, Dragone and colleagues found larger cue- 

and target-evoked pupil dilations in the directional (spatially cued) vs. non-directional  
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(neutral) trials. We did not find difference in TEP sizes between valid or invalid trials and 

neutral trials. But this directional effect is different from the (validity) reorienting cost, and its 

effect on pupillary responses, which is the question of interest in the current study. However, 

to investigate whether we find this directional effect on cue- and target evoked responses, we 

combined mean TEP sizes in valid and invalid trials to obtain mean directional TEP sizes and 

compared it with TEP sizes in neutral trials. For cue-evoked pupil responses, we found a main 

effect of SOA, F(1, 71) = 27.57, p = .001, ηp2 = .28, and an interaction between SOA and Cue 

type (directional vs. non-directional), F(1, 71) = 4.01, p = .05, ηp2 = .05. Post-hoc analyses 

indicated that TEP sizes in both directional and neutral trials in SOA1300 were larger than 

directional and neutral TEP sizes in SOA800 (all p values < .01). For target-evoked pupil 

responses, only the main effect of SOA was significant, F(1, 71) = 99.23, p = .001, ηp2 = .58. 

This discrepancy may be due to several differences in the experimental design between 

the present and Dragone et al. study that together might have induced higher arousal (alertness) 

level in directional compared to non-directional trials. That is, rather than being related to an 

orienting effect, the larger pupil sizes in directional trials may be related to a larger alertness 

effect due to several factors. For example, instead of SOA duration, the duration of cue 

presentation was manipulated in Dragone et al. study. Longer cue presentations (from 900 to 

1200ms), compared to that in our study (100ms), may have induced higher arousal level in 

directional trials that, compared to non-directional trials, are both spatially and temporally 

informative. This may happen for several reasons. First, because there were also catch trials, in 

which the neutral signals were not followed by a target, which reduces the temporally 

informative value of and consequently the alerting effect induced by neutral cues. Second, 

because there were four cue duration conditions in their study, compared to two SOA conditions 

in our study. In other words, after neutral cues, the target might appear after 900, 1000, 1100 

or 1200ms or does not appear at all. This might again have had influence on the alerting value 

of neutral signals. Third, because the number of trials (576 experimental + 72 training trials) 

were also as twice large as ours (300) which could induce strong learning effect about the 

relative informative value of directional vs. non-directional cues. Finally, in the present study, 

there were also no-cue trials, and compared to these trials, the neutral and spatial cues were 

always temporally informative that a target will appear either in 800 or 1300ms, inducing 

similar alertness level in directional and non-directional trials.  

Altogether, the present results do not reveal any orienting or reorienting effect on the  
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pupillary responses. Since the behavioral results in the present study is comparable with results 

from previous studies (Gabay et al., 2011; Geva et al., 2013; Dragone et al., 2018), it is doubtful 

that lack of (re)orienting effect on pupillary responses can be explained by low task difficulty 

level. However, more studies are needed to investigate whether or, in fact, when (in which states 

or in which individuals) pupillary responses (as an index of phasic LC activity) get involved in 

covert (re)orienting of attention in predictive conditions. It should also be examined whether 

the (re)orienting effect can be observed in the latency rather than in the magnitude of pupil 

responses. using attention network task, Geva and colleagues (2013) investigated the effect of 

three alerting, orienting and executive networks on amplitude and latency of two distinct 

pupillary responses after target presentation; i.e., “an early peak (Pa) preceding the response, 

and a later higher peak (Pe) that occurs about 600 ms after the response.” Similarly to our 

results, they found alerting effect on pupil dilations; i.e., Pa was larger (also initiated 300 ms 

faster) in double cue relative to no cue trials. In the orienting network, the magnitude of Pa did 

not differ between spatially and centrally cued trials, which is consistent with the present 

results, also indicating no (re)orienting effect on the magnitude of pupil dilations. In fact, their 

definition of orienting effect (spatial vs. central trials) differed from the definition of 

(re)orienting effect in the present study (invalid vs. valid trials). But our directional analyses 

(spatial vs. neutral trials), which was similar to their orienting analysis, also showed consistent 

results. However, they found significant difference in the latency of peak dilations; i.e., Pa peak 

appeared 200ms earlier in spatially vs. centrally cued trials. We did not make any predictions 

about the latency of pupillary responses but a visual inspection of Figure 4 does not indicate 

the presence of such a orienting effect on the latency of target-evoked responses in spatially 

cued trials. It is, however, important to consider several differences that exist between Geva et 

al. and the present study. For example, ANT task is an exogenous cueing paradigm. In fact, the 

earlier Pa peak in spatial vs. central trials appeared after gaze entrance to the target area of 

interest (AOI). Geva and colleagues proposed that this acceleration of Pa component in spatial 

trials facilitates the covert orienting; i.e. modulating the orienting through an accelerated 

arousal mechanism. Another difference is that, in addition to alerting and orienting effects, the 

ANT involves processing of congruency effect. Thus, the orienting effects on the decreased 

peak latency in spatial vs. central cueing trails may also be contaminant with processing of 

target-evoked congruency effects. It is, however, noteworthy that they found a separate 

congruency effect on the amplitude of Pe component that is consistent to our results from Mont- 
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Carlo analyses (Supplementary materials, section 8) showing difference in TEP sizes between 

invalid and valid trials 1000ms after target onset (500-600ms after response), which is probably 

related to conflict resolution processes. 

  Cue- and target-evoked pupillary responses were also larger in longer (1300ms) than 

shorter (800ms) SOA condition, which was again in line with Dragone et al. (2018) and with 

our expectations. Larger TEP sizes in longer SOA were also accompanied with better 

behavioral responses in all Trial Types except in no-cue trials. Similar to behavioral analyses, 

after controlling for the effect of age, only the main effect of SOA remained significant. The 

effect size of Trial Type conditions (ηp2 =.11) was not as large as the effect size of SOA 

manipulation (ηp2 = .61) on target-evoked responses. Moreover, since the effect size of Trial 

Type manipulations on the behavioral responses (RT; ηp2 = .43) was large and in line with 

findings in the literature (Chica et al., 2014), and, nevertheless, this effect was also non-

significant after controlling for the age effects, it is doubtful that the relatively moderate effect 

sizes of Trial Types on target-evoked responses can be explained by the experimental design. 

Rather, it indicates that the alerting and orienting effects on both pupillary and behavioral 

responses were influenced by the age-related differences.  

Larger pupil sizes under longer SOA condition may indicate that greater mental effort 

was invested in cued trials where participants had to keep information ‘online’ in working 

memory for extended periods of time. It is, however, noteworthy that both SOA conditions in 

the present study can be indeed considered as long SOA, compared to SOA manipulations in 

the literature (e.g., see Chica et al., 2014). Therefore, the influence of SOA manipulation on 

performance and pupil size may be more related to changes in temporal predictability of 

target presentation onset and a higher arousal level evoked by sustaining attention for a longer 

period of time for the target to appear, rather than being related to manipulating the level of 

required mental effort to keep the signal representations in WM. Based on findings from 

investigations on the relation between neuromodulation of pupil diameter and temporal 

perception, some authors have suggested that increased NE alter the perception of time 

interval (overestimating the elapsed time since cue presentation) which is accompanied with 

decreased saccade latency and pupil dilation whereas increased level of ACh has a gradual 

effect on pupil dilation and decrease saccade delay by modulating the storage of correct 

duration in the memory. However, these neuromodulatory effects are probably more 

complicated and depend also on the preexisting brain state and the interactions between 

neuromodulators (Faber, 2017). 
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4.3 In contrast to general cognitive abilities, individual differences in overall task 

performance were associated with alerting and orienting indices 

Finally, results from the individual difference analysis showed that neither alertness 

indices nor the orienting estimates were related to individual differences in indices of general 

cognitive abilities in our study (i.e., g factor and WMC). This is similar to findings from 

Ishigami et al., (2016) study with ANT-I task, in which orienting and alerting scores did not 

predict scores on neuropsychological measures. These neuropsychological measures were 

similar to those used in the present study to measure the g factor. The only exception was a 

positive relation between WMC and (behavioral) orienting scores in SOA1300. The 

association between WMC and orienting scores in SOA1300 may indicate that when the 

interval between cue and target onsets was longer, individuals with a higher level of WMC 

were more influenced by the perceptual representations of spatial cues in WM and they might 

have needed more time to disengage and reorient their focus of attention. This is consistent 

with previous reports regarding the relation between WMC and both attention control 

(Unsworth and Robinson) and attention orientation (Ku, 2018; Vandierendonck, 2014). Poole 

and Kane (2009) also found that there was faster target identification in subjects with higher 

WMC only when the cue-target intervals were longer, i.e., 1500ms. In fact, some researchers 

found that the relation between WM and covert orienting of attention is strongly dependent on 

the demands placed on perceptual and memorial selection (Tas, Luck, and Hollingworth, 

2016). There was no significant correlation between age and behavioral indices of orienting 

and alertness effects. 

However, individual differences in the overall task performance, i.e., an overall 

accurate but faster performance across different Trial Types and SOA conditions, were 

associated with total orienting scores, with orienting scores in SOA800, and with alertness 

scores in SOA1300. These findings suggest that low performers (i.e., individuals with slower 

overall RT) are more sensitive to the validity of cue so that they might needed more time to 

reorient attention spatially, specifically with short SOA; i.e., when the perceptual 

representations of spatial signals were more probably to be still active in WM. It also suggests 

a sensitivity to the absence of warning signals so that more time might be needed in low 

performers to respond to an uncued target when the cue-target interval was long (1300ms). 

Findings from Ishigami et al., (2016) study also showed that the alerting and orienting scores  
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could predict a small fraction of variance in complex attentional scores only when 

visual alerting scores were used, which is similar to our results; i.e., relation between overall 

Posner performance (as an index for attentional scores) and alerting and orienting scores. 

Similarly, we did not find a relationship between general cognitive abilities and 

pupillary indices of alerting or orienting effects. But individual differences in overall task 

performance had a negative relation with total orienting estimates (r = - .27), indicating that 

high performers had larger pupil responses in invalid relative to valid trials. This larger 

pupillary response to interference between the spatial cue and location of target in high Posner 

performers may indicate that they had more (task-related) resources available  and were 

generally more engaged (Aston-Jones and Cohen, 2005) with the task than low performers. 

Therefore, they invested more resources and mental effort (Kahneman, 1973), as indexed by 

pupil size, to reorient their attention and keep their optimal level of performance. This view is 

supported by our behavioral findings showing that the overall RT correlated positively with 

behavioral indices of orienting effect. That is, although high performers had larger pupil sizes 

compared to low performers in invalid relative to valid trials, they were behaviorally less 

influenced by orienting and their RT did not increase in invalid trials (relative to valid trials) 

as much as the RTs of low performers. However, the mean pupil size of high performers was 

larger than low performers also in no-cue trials in SOA1300. This may suggest a higher level 

of arousal (in the absence of any alerting cue), rather than a higher general level of 

engagement in high performers. In fact, Sara and Bouret (2012) proposed a modulating role of 

LC in (re)orienting through arousal. Finally, as Corbetta and colleagues (2008) suggested, the 

noradrenergic mechanism may also be involved in the reorientation of attention, but the 

present results suggest that it may happen only in high task performers (as reflected in their 

larger pupil responses in invalid relative to valid trials). Further studies are needed to 

investigate these trait/situation-dependent involvements of LC in (re)orienting. 

Our ability to benefit from visuospatial signals to attend selectively to the incoming 

goal-related information along with the ability to shift the focus of attention in response to 

events that occur in the less expected space, e.g., when signals misinform us, is critical. It is 

critical to optimally detect targets of interest (e.g., danger), to provide adaptive and or 

professional behavioral responses in complex environments (Mann et al., 2007) and to avoid 

fatal accidents (Stott, 2013). Deficit in visuospatial attention affects the functional state of 

stroke patients (Kaplan and Hier, 1983), and an impaired functioning in visuospatial attention  
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has been reported in children with developmental coordination disorder (Tsai et al., 2009), in 

children with attention deficit hyperactivity disorder (McDonald et al., 1999), in patients with 

visual neglect (Bartolomeo et al., 2012), parietal brain injury (Posner et al., 1984), mild 

traumatic brain injury (Halteman et al., 2006), dementia (Parasuaman et al., 1992), 

schizophrenia (Fernandez-Duque and Posner, 2001), autism (Wainwright-Sharp and Bryson, 

1993), anorexia nervosa (Dalmaso et al., 2019) and in elder people (Langley et al., 2011). 

The neural and neuromodulatory basis of visuospatial attentional networks has been largely 

studied to find effective interventions and medications to improve or recover this ability 

(Borodovitsyna et al., 2017; Corbetta et al., 2005; Reynaud et al., 2018; Simons et al., 2016; 

Riestra and Barrett, 2013). However, further investigations are required to explore the 

influence of situational factors and the effect of individual differences in cognitive abilities on 

the involvement of underlying mechanisms or their interactions. 

 

4.4 Limitations 

Several limitations should be considered when interpreting these results. First of all, like 

any other physiological markers, pupil responses should be interpreted cautiously. For 

example, it is important to note that pupil responses can be modulated by other brain areas 

and neuromodulators than LC-NE (Joshi et al., 2016; Reimer et al., 2016; Wang and Munoz, 

2015) and they should be considered mainly as "reporter variables" that are associated with 

specific mental processes and states (Beatty and Lucero-Wagoner, 2000) without playing a 

processing role for the measured cognitive task (but see: Laeng et al., 2018). 

It is also important to mention that sample size is an important factor in individual 

difference investigations. Both behavioral and pupillary indices of alerting and orienting 

effects were only related to individuals’ level of Posner performance. But the non-significant 

relations with the measurements of general cognitive abilities may be accounted for by our 

limited sample size. However, the range, skewness and kurtosis values of measurements in 

the present study were within the acceptable range for the normal distribution (i.e., -2 to +2; 

George & Mallery, 2010) and showed adequate variance in dataset. Results from Bayesian 

analyses also showed anecdotal to substantial evidence (BF10 factors < .4) in favor of null 

hypothesis. Still, these results should be taken with caution until they are replicated with other 

larger samples. This is especially important for correlational studies with the well-stablished 

paradigms like Posner cueing task that originally were developed for experimental research  
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and their primary goal was to minimize the between-individuals differences in favor of 

increasing the within-subject effects. In particular, the difference scores, like alerting and 

orienting estimates, tend to be associated with poor reliability especially when the resulting 

effects are small (Hedge, Powell, & Summer, 2016). As presented in the Supplementary 

Material, section 4, the reliability of our RT measurements are comparable and, in some 

cases, a little better than reliability results with Posner endogenous cueing paradigm in Hedge 

et al., (2016). However, the reliability estimates of alerting measurements were very low, 

although it was consistent with other studies (Ishigami et al., 2016). It could be argued that 

the low reliability of the alerting  network is expected because it is related to “phasic alertness 

that involves a rapid change in mental state and physiological state following a presentation of 

a warning cue (Posner 1978) and that may change across trials” (Ishigami et al., 2016). 

However, since the reliability of pupillary alerting and orienting estimates were negative, we 

examined the relationships between Posner performance and general cognitive measurements 

with RT and TEP sizes in each trial type and SOA condition to avoid using difference scores. 

As shown in the Supplementary Table 7, in contrast to the general cognitive scores, the 

overall Posner performance was related to target-evoked pupil responses, especially in 

SOA1300. Thus, it is doubtful that the present individual differences results result from low 

reliability of measurements. 

Moreover, we used only the LNS task to measure individuals’ WMC. To obtain a better 

estimate of WMC, a composite score can be estimated using different WM tasks in the future.  

Another factor that should be taken in consideration is the length of our SOA conditions. 

We found consistently the effect of SOA manipulation on behavioral and pupillary results, on 

the relation between WMC and orienting scores and on negative correlations between 

orienting and alertness effects. The main effect of SOA was, in fact, the only effect that 

survived controlling for the age effects. However, our SOA conditions, compared to other 

studies in the literature (Chica et al., 2014), were rather long, which may affect the orienting 

response. In fact, Fuentes and Campoy (2008), using the ANT paradigm, found that orienting 

was modulated by an alerting tone only in shorter SOAs (i.e., SOA 100, 300, and 500 ms), but 

not at long 800 and 1200 ms SOAs. Since the ANT paradigm is not identical to the classic 

Posner paradigm, future studies should explore the effect of shorter SOAs on pupillary 

responses in the Posner cueing paradigm. 

Finally, controlling for the eye movements can be important when SOA is longer than  
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200ms because it gives enough time to move the eyes towards the cued location, and changes 

the state of covert attention to an overt orienting, which can influence the cueing effects 

(Wright and Ward, 2008). Our gaze deviation analyses showed that participants did follow the 

instruction.  However, it is possible to control for eye movements in the future pupillometry 

studies by using an allocated area of interest (AOI) around the location of the cue (Karch, 

2018). Then, feedbacks can be given if the participant looks away from this AOI. This 

procedure will limit the number of removed data due to large gaze deviations from fixation 

point. 

 

5 Conclusion  
Using a Posner cueing paradigm, the present study provides the first evidence from 

pupillometry in favor of the dual mechanism hypothesis (Fernandez-Duque and Posner, 

1997), which proposes that two separate noradrenergic and cholinergic mechanisms modulate, 

respectively, the alerting and orienting effects. Task-evoked pupil dilations, as an indirect 

index of activity in LC-NE system, revealed the effect of 1) increases in mental effort and 

task engagement, 2) triggering an alerting network that induced larger pupillary responses in 

all cued trials relative to no-cue trials, 3) individual differences in overall task performance, 4) 

age on both behavioral and pupillary measures of cued attention, and finally 5) a late 

(probably cholinergic modulated) orienting effect or executive network monitoring in invalid 

trials compared to valid ones (see results from Mont Carlo analysis in Supplementary 

materials).  
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1- Materials used to estimate participants' general intelligence (g factor) 
 

The Matrix Reasoning (MR) is a subtest of the WASI (Wechsler, 1999) that estimates the 

fluid and reasoning abilities. The test consists of 35 incomplete visuospatial patterns and 

participants are asked to select a pattern among five alternatives that complete the pattern. 

The test has been found to be sensitive to the effects of clinical disorders on cognitive abilities 

(Ryan et al., 2005). 

The Color-Word Interference Test (CWIT; Delis et al., 2000) estimates the processing 

speed and inhibition ability across four different conditions by measuring the time used to 

perform each. In the first condition, participants are shown colorful patches (red, blue or 

green) on a white surface and asked to name the color as fast and accurate as possible. In the 

second condition, these three colors were written in black ink on a white surface and 

participants were asked to read them, as fast and accurate as possible. In the third condition, 

three color words were written by an incongruent ink color (e.g., blue was written by red ink). 

Participants were instructed to name the ink color by which the color words were written. In 

the last condition, participants should switch between either naming the ink color or reading 

the written color word only if it was written inside a rectangular box. The last two conditions 

require more time to be finished because they are more demanding. 

The Hopkins Verbal Learning Test (HVLT; Brandt, 1991) measures the ability of verbal 

learning and memory with similar reliability as other verbal memory tests like the California 

Verbal Learning Test (CVLT; Rasmusson, Bylsma, & Brandt, 1995). The task consists of 

three consecutive list learning and free call trials (each list containing 12 words) continued by 

a recognition trial in which the presented words will be shown along with 12 new distractor 

items. 

 

2- Effect of age on response time (RT, Table 1 ) and pupil size (Table 2) in each trial type 

and each Stimulus Onset Asynchrony (SOA) condition 

Supplementary Table 1. Correlations (Pearson’s r) between age and median RT  

  SOA: 800ms SOA: 1300ms 

Trial type Valid Invalid Neutral No-Cue Valid Invalid Neutral No-Cue 

Age .22* .20* .26* .22* .23* .29** .27** .28** 

 

Note. * = Significant at the 0.05 level. ** = Significant at the 0.01 level (1-tailed). N=72. 
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Supplementary Table 2. Correlation between age and mean target-evoked pupil responses 

  SOA: 800ms SOA: 1300ms 

Trial type Valid Invalid Neutral No-Cue Valid Invalid Neutral No-Cue 

Age - .16 - .08 - .25* - .23 -.27* - .18 - .22 - .28* 

 

Note. * = Significant at the 0.05 level. ** = Significant at the 0.01 level (1-tailed). N=74. 

 

 

3- Relation between behavioral indices of alerting vs. orienting effects 

Supplementary Table 3. Correlation between behavioral indices of alertness and orienting 
effects. 

 1 2 3 4 5 6 

1- Total Alertness 1 .04 .76** -.04 .76** .10 

2- Total Orienting .04 1 .03 .78** .03 .78** 

3- Alertness- SOA800 .76** .03 1 -.07 .17 .10 

4- Orienting-SOA800 -.04 .78** -.07 1 .003 .23 

5- Alertness- SOA1300 .76** .03 .17 .003 1 .04 

6- Orienting- SOA1300 .10 .78** .10 .23 .04 1 

Total RT .10 .37** -.13 .38** .28** .21 

g factor .16 .11 .22 .04 .03 .13 

WMC .02 .20 .14 .04 -.12 .26** 

Age .01 .18 -.09 .07 .11 .20 

 

Note.**Correlation is significant at the 0.01 level (2-tailed). The total alertness and orienting 

indices are measured by averaging the Z scores of estimates in each SOA condition. Total RT 

= index of task-specific ability, WMC = working memory capacity. All significant correlation 

were also significant after controlling for age effect in a partial correlation. 

 

 

4- Descriptive statistics of behavioral (Top) and pupillary measurements (Bottom) 
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Note. Based on Koo & Li (2016) and Hedge et al, (2016), reliability scores were estimated 
by calculating Intraclass correlation coefficients (ICC) using SPSS software based on 
absolute-agreement, 2-way mixed-effects model. ICC values < 0.5 are indicative of poor 
reliability,  0.5< ICC <0.75, and 0.75< ICC <0.9 indicate, respectively, moderate and good 
reliability, and ICC >0.90 indicate excellent reliability. Values marked by * resulted from 
very slow RT of one individual in invalid trials in SOA800. Without this individual, the 
kurtosis values for invalid and orienting in SOA800 were 1.01 and 1.60.  
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5- Task-evoked pupil sizes after cue presentation 

Supplementary Table 4. Results from post hoc comparisons between Trial Types, examined 

by Bayesian repeated measures ANOVA. BOLD numbers show the BF10,u factors for the 

difference in TEP sizes between No-cue and other three trial types.  

 
 

      Prior Odds Posterior Odds BF 10, U error % 

Valid   Neutral   0.414  0.042  0.102  8.097e -4  

    Invalid   0.414  0.045  0.110  7.490e -4  

    No-cue   0.414  5.359  12.937  4.389e -6  

Neutral   Invalid   0.414  0.039  0.093  8.897e -4  

    No-cue   0.414  0.456  1.100  6.280e -5  

Invalid   No-cue   0.414  0.381  0.919  7.616e -5  

Note.  The posterior odds have been corrected for multiple testing by fixing to 0.5 the prior 
probability that the null hypothesis holds across all comparisons (Westfall, Johnson, & Utts, 
1997). Individual comparisons are based on the default t-test with a Cauchy (0, r = 1/sqrt(2)) 
prior. The "U" in the Bayes factor denotes that it is uncorrected.   
 

 

6- Task-evoked pupil sizes after target presentation 

Supplementary Table 5. Results from post hoc comparisons between Trial Types, examined 

by Bayesian repeated measures ANOVA. BOLD numbers show the BF10,u factors for the 

difference in TEP sizes between No-cue and other three trial types. 
 

      Prior Odds Posterior Odds BF 10, U error % 

Valid   Neutral   0.414  0.105  0.253  3.054e -4  

    Invalid   0.414  0.118  0.284  2.691e -4  

    No-cue   0.414  11.077  26.743  1.998e -6  

Neutral   Invalid   0.414  0.040  0.096  8.622e -4  

    No-cue   0.414  362.435  874.995  4.456e -8  

Invalid   No-cue   0.414  43.412  104.807  4.530e -7  
 

Note.  The posterior odds have been corrected for multiple testing by fixing to 0.5 the prior 
probability that the null hypothesis holds across all comparisons (Westfall, Johnson, & Utts, 
1997). Individual comparisons are based on the default t-test with a Cauchy (0, r = 1/sqrt(2)) 
prior. The "U" in the Bayes factor denotes that it is uncorrected. 
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7- Relationship between pupillary indices of alerting and orienting effects  

 

Supplementary Table 6. Correlation between pupillary indices of alertness and orienting effects  

 1 2 3 4 5 6 

1- Total Alertness-TEP 1 -.20 .70** -.07 .70** -.24* 

2- Total Orienting-TEP -.20 1 -.14 .77** -.14 .77** 

3- Alertness-SOA800 .70** -.14 1 -.03 -.01 -.19 

4- Orienting-SOA800 -.07 .77** -.03 1 -.07 .19 

5- Alertness- SOA1300 .70** -.14 -.01 -.07 1 -.14 

6- Orienting- SOA1300 -.24* .77** -.19 .19 -.14 1 

Total Alertness-RT -.30** .16 -.14 .03 -.28* .22 

Total Orienting-RT -.17 -.06 -.08 -.03 -.16 -.06 

Total RT .12 -.27* .15 -.21 .02 -.20 

g factor -.14 .17 -.12 .18 -.08 .09 

WMC -.03 .12 .06 .10 -.11 .09 

Age .05 .15 .09 .11 -.02 .12 

 

Note. **Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 

0.05 level. Total RT = index of task-specific ability, WMC = working memory capacity. All 

significant correlation were also significant after controlling for age effect in a partial 

correlation. The correlation between total RT and total orienting increased to r = - 0.32 after 

controlling for age effect. 

 

8-  Monte Carlo autocorrelation analysis 

We used a Monte Carlo autocorrelation method (Guthrie and Buchwald, 1991; Rigato, 

Rieger & Romei, 2016; Siegle et al., 2008) to explore the temporal profile of the orienting and 

alerting effects during their evolution, without specifying a priori time window. Temporal 

profile refers to the onset of the effects and the time course over which the target-evoked 

pupillary changes differed between the compared Trial Type conditions significantly. To do 

so,  the Trial Types of interest (invalid vs. valid and neutral vs. no-cue) were compared using 

paired t-tests at each sample point after target presentation until the end of trial (i.e., 2500ms) 
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for each SOA separately and combined. To merge the data from two SOAs, the target onset 

was set to 0 for both SOA800 and SOA1300.   

This method estimates two criteria that should be met and determines how many 

milliseconds or samples with continuous significant differences there must be between the 

TEP sizes of interest in order to accept that the differences are probably not a random 

variation. To do so, the average first-order autocorrelation in the real difference waveforms 

across the time course was estimated (Guthrie and Buchwald, 1991). Then, 3000 datasets 

were randomly simulated with the same number of participants (N = 73), same time-samples 

(n = 150) and same level of autocorrelation as seen on average in the observed data. Two-

tailed one sample t-tests were applied to each of the 3000 simulated data at each time point to 

compute the longest sequence of consecutive significant t-test outcomes. The 95th percentile 

of that simulated distribution of “longest sequence lengths” is used to determine a significant 

difference waveform in the real data. This method thus avoids the multiple comparisons 

challenges.  

As shown in Figure 7, when data from two SOAs were combined, the results revealed 

a time course from 1000 to 2167ms after target presentation during which the contrast 

between valid and invalid trials was significant. But the contrast between no-cue and neutral 

trials did not meet the criteria. The same analyses were run for the same contrasts in each 

SOA condition separately. The only contrast that met the criteria was the difference between 

valid and invalid trials in SOA800 in the time course from 1006 to 2067ms after target 

presentation (i.e., from 2966 to 3967ms after trial onset).  

Therefore, the results from Monte Carlo analysis did not provide further confirmatory 

evidence for dual mechanism hypothesis. There were three regions during which there were 

significant differences in target-evoked pupil sizes between no-cue and neutral trials but the 

criteria were not met (the time course of difference was not long enough). In contrast, both in 

SOA800 and when the data from both SOAs were merged, the analysis revealed a time course 

from around 1000 to 2100ms after target presentation where the contrast between valid and 

invalid trials was significant. These differing findings may be due to the different time 

windows that we used in the ANOVA analysis (from 200 to1400ms after target presentation) 

and in Monte Carlo analysis (the whole period after the onset of target presentation to the end 

of trial, which was 2500ms, where the differences from 1000 to 2100ms met the significance 

criteria).  
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Results from Monte Carlo analysis seem to support that, as Corbetta and colleagues 

(2008) suggested, the LC phasic activity has a role in the (re)orienting of attention through its 

noradrenergic modulatory effect on the ventral attentional network when an unexpected but 

behaviorally relevant event (an invalid target) occurs. Geva and colleagues (2013) also found 

an orienting effect on pupil responses in an ANT that appeared later than the alerting effects.  

 

 
Supplementary Figure 3. Pupil dilations after target presentation for the contrast between 

valid and invalid trials. The data from two SOAs are combined. The X-axis shows time 

elapsed since target onset (0). The criteria box shows how many milliseconds or samples with 
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continuous significant differences there must be in order to say that the difference is not 

random variation. The time course from 1000 to 2167ms reach the criteria. 

 

However, at least three things should be taken into account. First, there is a temporal 

difference between the observed orienting effect in Geva et al.’s study and our study. 

Orienting effects in their study appeared between around 100 to 1200 ms after target 

presentation. This is the time window that we tested in ANOVA analysis and did not find any 

orienting effect. The time window (1000 to 2100ms after target presentation), during which 

we found differences in pupillary responses to invalid relative to valid trials corresponds with 

the time window that Geva and colleagues found the congruency effect (i.e., involvement of 

executive network) on pupillary responses (1100 to 1600 ms after target presentation). 

Therefore, rather than an orienting effect, our result from Monte Carlo analysis may reflect 

the amount of mental effort invested to monitor conflict resolution and behavioral responses 

in invalid relative to valid trials.  

The second point refers to the neuromodulatory effect of cholinergic signals from the 

basal forebrain on longer-lasting pupil dilations (rather than rapid fluctuations), on arousal 

and on motor behavior, which here is pressing the key button (Reimer et al., 2016). The 

temporal characteristics (onset and longitude) of findings from the Monte Carlo analysis 

(1000 to 2100ms after target presentation, and around 500ms after executing the behavioral 

response) is consistent with the proposed cholinergic modulation of orienting effects on 

pupillary responses (Fernandez-Duque & Posner, 1997). Acetylcholine also mediates 

expected uncertainty triggered by cue invalidity (in 13% of trials) to suppress the use of the 

cue (Yu & Dayan, 2005). It is also possible that cholinergic signals modulate pupil responses 

indirectly through its interaction with LC-NE system. We found a negative relation between 

overall RT and pupillary index of orienting effects that may indicate an interactive relation 

between the two noradrenergic and cholinergic mechanisms when the task becomes most 

demanding (i.e., in invalid relative to valid trials).  Therefore, as also suggested by Gabay et 

al., (2011) and Fan et al., (2002), it is possible that the involvement or interactive role of  LC 

in orienting of attention depend on task-specific demands and task-specific skills. These 

speculations remain to be tested in future studies. 

The third issue relates to the criteria that were used in Monte Carlo analysis. These 

criteria are estimated based on data simulations and can vary if the input parameters or the 

contrasts that are tested change (see Piai, Dahlslätt, & Maris, 2015 for further discussion). 
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Therefore, the final conclusions should be taken with caution. This is especially important for 

the alerting results that were not found to meet the criteria. Rather than rejecting the alerting 

effect that we found in ANOVA and correlational analysis, results from autocorrelation 

analysis shows that the effect was not found in enough (based on an estimated criterion) 

consecutive samples.  

9- Individual difference analyses without using difference (alerting & orienting) scores  

 

Supplementary Table 7. Correlation between estimates of overall task performance and 
general cognitive abilities with behavioral and pupillary responses in each Trial Type and 
SOA condition  

 
Note. RT: response time; TEP: mean target-evoked pupil response; total RT: overall Posner 
performance (i.e., accurate speeded responses); WMC: working memory capacity. ** and *: 
correlation is significant at the 0.01 and 0,05 level (2-tailed), respectively.  

 

10- Gaze deviation analyses 

Supplementary Table 8. Descriptive statistics of gaze deviations in each Trial Type and SOA 

condition.  

 
Note. Descriptive statics shows that the amount of gaze deviations during cue-target period in 
directional trials (i.e., deviations from central fixation in the cue direction in valid and invalid 
trials) were not larger than gaze deviations in non-directional trials (i.e., nocue and neutral 
trials).  
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Supplementary Table 9. Summary of Paired Samples T-Test Results. 

 
Note. Mean gaze deviation from the central fixation did not differ significantly between valid 

and invalid or between neutral and nocue trials, in each SOA condition.  
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